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ABSTRACT OF THE DISSERTATION
HYBRID POWER SYSTEM INTELLIGENT OPERATION AND PROTECTION
INVOLVING PLUG-IN ELECTRIC VEHICLES
by
Tan Ma
Florida International University, 2015
Miami, Florida
Professor Osama A. Mohammed, Major Professor
Two key solutions to reduce the greenhouse gas emissions and increase the overall
energy efficiency are to maximize the utilization of renewable energy resources (RERs)
to generate energy for load consumption and to shift to low or zero emission plug-in
electric vehicles (PEVs) for transportation. The present U.S. aging and overburdened
power grid infrastructure is under a tremendous pressure to handle the issues involved in
penetration of RERS and PEVs. The future power grid should be designed with for the
effective utilization of distributed RERs and distributed generations to intelligently
respond to varying customer demand including PEVs with high level of security, stability
and reliability. This dissertation develops and verifies such a hybrid AC-DC power
system. The system will operate in a distributed manner incorporating multiple
components in both AC and DC styles and work in both grid-connected and islanding
modes.
The verification was performed on a laboratory-based hybrid AC-DC power system
testbed as hardware/software platform. In this system, RERs emulators together with
their maximum power point tracking technology and power electronics converters were
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designed to test different energy harvesting algorithms. The Energy storage devices
including lithium-ion batteries and ultra-capacitors were used to optimize the
performance of the hybrid power system. A lithium-ion battery smart energy
management system with thermal and state of charge self-balancing was proposed to
protect the energy storage system. A grid connected DC PEVs parking garage emulator,
with five lithium-ion batteries was also designed with the smart charging functions that
can emulate the future vehicle-to-grid (V2G), vehicle-to-vehicle (V2V) and vehicle-tohouse (V2H) services. This includes grid voltage and frequency regulations, spinning
reserves, micro grid islanding detection and energy resource support.
The results show successful integration of the developed techniques for control and
energy management of future hybrid AC-DC power systems with high penetration of
RERs and PEVs.
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1. Introduction

1.1. Background
The electric power system, which includes the power generation, transmission and
distribution is the most complex system that human beings have built. Based on U.S.
Energy Information Administration statistics, present U.S. annual electricity generation
and consumption is more than 13 times greater than it was in the 1950s. Despite the
increasing generation and consumption, the majority of the current U.S. power grid was
built more than 80 years ago [1]. The rising demand of the electricity consumptions
especially the pulse ones that may absorb a huge amount of energy in short period will
put the old power system infrastructure under enormous pressure [2].
The general power systems structure can be classified as three major parts: energy
generation units, which produce electrical power from other sources of energy;
transmission networks, which transfer electricity from the generation units to local
substations; and distribution systems, which supply the electrical power to the terminal
residential, commercial and industrial customers [3]. Based on the U.S. Energy
Information Administration annual energy review, in 2014, more than 80% of the energy
consumed in the USA was generated by petroleum, natural gas and coal. This means
present electricity generation is still heavily dependent on environmentally costly fossil
energy [4]. At the same time, the exhaustion of the global energy reserves is already a
worldwide problem at the environmental, industrial, economic, and societal levels. What
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is worse, the present U.S. transmission and distribution system loses an average of 7% of
the total annual electricity generation for 2014. Based on the average national energy
retail price, annual losses for the whole country were amount to nearly $30 billion. At the
same time, renewable energy sources supplied no more than 8% of the total energy
consumption [5]. Over the last few decades, global temperatures have been rising due to
the accumulation of greenhouse gases, which may result in serious environmental
changes and raise sea levels [6]. Due to this, many countries have made the reduction of
greenhouse gas emissions a major governmental goal and have taken actions to minimize
the emissions.
Two key solutions to reduce the greenhouse gas emissions are to maximize the
utilization of renewable energy resources to generate energy for load consumption [7]
and to shift to low or zero emission vehicles for transportation [8]. Based on the 2013
U.S. primary energy consumption by source and sector report as shown in figure 1.1, the
transportation sector is responsible for 29% of the total annual energy consumption.
Therefore, the electrification of vehicles and charging those plug-in electric vehicles
(PEVs) with the energy generated from renewable energy farms in hybrid AC-DC power
systems has become the best option for reducing greenhouse gas emission. The U.S
government has set itself the goal that by the fiscal year 2020, assuming economic
feasibility and to the extent being technically practicable, 20 percent of the total amount
of electric energy consumed by each agency during any fiscal year thereafter shall be
renewable energy [9]. However, the existing power grid network topology is feeble for
high penetration of renewable energy sources and PEVs which may bring a significant
impact on the performance and reliability of the electricity grid [10]-[11]. This is largely
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Figure 1.1 U.S. 2013 primary energy consumption by source and sector
because of the variability of renewable resources and the lack of large-scale economical
storage capability. Therefore, there is an urgent need to reconstruct the U.S. power grid
system to smartly enhance the energy transmission and distribution capability, while at
the same time increasing the whole efficiency to reducing the energy loss.
Currently, there is insufficient research available for planning, designing and
constructing of hybrid AC-DC power systems with renewable energy sources and PEVs.
Due to the large variances of renewable energy sources, the power generated from a
renewable farm consisting of PV or wind turbines is considered intermittent. Therefore,
without properly planning the scale of the renewable energy farm, the utility grid may be
badly influenced by the power generated by the renewable energy farm. Using energy
storage devices as an energy buffer is a solution to limit the renewable energy farm
impact limit to the utility grid [12]. Unfortunately, the present market prices of the energy
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storage devices, especially the ones with high energy density such as lithium-ion battery
or high power density such as ultra-capacitor, are very high. Therefore, the design and
construction of renewable energy farms together with the energy storage systems need to
be carefully planned and optimized to get the best cost performance.
Nowadays, lithium-ion batteries used as energy storage devices are playing an
important role in power systems due to the growing popularity of micro grids with
renewable energy sources and PEVs. The performance of the hybrid AC-DC power
system and PEVs strongly relies on their battery bank management systems, which
always consist of multiple cells connected together in series and/or in parallel. The
energy conversion efficiency of the battery bank system is influenced by state of charge
(SOC) and temperature variations of each single battery cells. Thermal and SOC
imbalances increase the risk of catastrophic faults in the battery bank system. The recent
Boeing 787 Dreamliner’s lithium-ion battery faults in Japan and Boston have illustrated
the importance of developing reliable and efficient battery management systems in high
energy density battery systems [13]. The specific characteristics and needs of the smart
hybrid AC-DC power system and PEVs, such as deep charge/discharge protection and
accurate SOC and state-of-health (SOH) estimation, intensify the need for a more
efficient and reliable battery management system [14].
Meanwhile, without proper control, even with low penetration, the PEVs charging
process may bring huge impact and create potential risk to the existing power grid
system. Due to the expectation that the PEVs are more likely to be connected to the
utility grid in specific time periods, the uncontrolled charging may tremendously increase
the daily load peak, which will also increase the power flow in the transmission and
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distribution lines and degrade the power system stability and reliability [15],[16]. On the
other hand, if smartly regulated, the PEVs can serve as distributed energy storage devices
when they are parked in the garage for a long time period. This can help the local grid
relieve the peak demand and keep the real-time balancing of power. What’s more, with
the Vehicle-to-Grid (V2G) and Vehicle-to-Vehicle (V2V) technologies [17], PEVs
batteries can feed electricity back to the AC power grid to help the system keep the
frequency and voltage amplitude stable.
Based on the situation mentioned above, there is a trend to change the current old
power grid system into smart and distributed controlled hybrid power systems involving
both AC and DC distributed architectures to improve of the whole system reliability,
stability, efficiency, sustainability, robustness, security and decrease complexity and cost.
The smart hybrid power system should have features that can be summarized as follows
[18]-[27]:
1. Distributed assets, information and control；
2. Optimized with all resources and subsystems；
3. Self-healing and self-balancing；
4. Predictive to oncoming events and prevent emergencies；
5. Resilient to cyber physical attacks；
6. Interactive with customers, utility grid and market；
7. Robust to critical loads and disturbance；
8. Friendly interface with plug and play function.
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In this dissertation, an initiative is taken to have a deeper study of the hybrid ACDC power system smart operation involving high penetration of renewable energy
sources and PEVs, with whole system modeling, forecasting, optimization, protection and
control. This dissertation mainly addresses two technical issues associated with hybrid
power systems: hybrid power system operation with integration of distributed renewable
energy sources; and hybrid power system operation and protection with plug-in electric
vehicles and critical loads.

1.2. Current State of Hybrid Power Systems
Hybrid AC-DC power systems incorporate several electricity generating
components in both AC and DC sides with usually one major generator controls system
and enables the system to supply electricity in the required quality. Components for
electricity generation can utilize renewable energy sources like wind turbines,
photovoltaic, solar thermal, hydro power, wave power or biomass power stations, etc.
Furthermore, fossil power plants like diesel generators, gas turbines or fuel cells, etc. can
also be added [28].
The term hybrid AC-DC power system does not give any information about the
size of the power system. Generally, hybrid AC-DC power systems are considered to
supply loads in the size of several watts up to several megawatts. Hybrid AC-DC power
systems can be connected to a large utility grid and operated as grid-connected mode.
They can also supply island networks and represent small grids with a limited number of
consumers. Due to the resulting fluctuating consumption pattern several specific features
are required concerning the electricity supplying hybrid AC-DC power systems.
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In utility grids, the power equalizes due to the large number of consumers and its
statistical application. This is how base load, medium load and peak load are defined,
which are covered by dedicated base, medium and peak load power plant to minimize the
electricity cost. Base load is needed continuously 24 hours per day, medium load is
required in consecutive 3 to 6 hours periods, and peak load is required in shorter
sequences [29]. Unfortunately, this cost effective procedure cannot be transferred to
hybrid power systems in most of the cases when it is operated in islanding mode. On the
other hand, hybrid AC-DC power systems have to cope with much more severe short
term variations in power demand and renewable sources energy output. Thus, smart and
efficient energy management structures have to be applied to maintain the system
stability [30]. These energy management structures vary with the size of the hybrid ACDC power system depending on financially optimal system design.
When operated in islanded mode, it is essential to integrate one energy generator
that is responsible for the AC side frequency and voltage stabilization. At the same time,
the DC side voltage also needs to be regulated by an energy source [31]-[33]. In small
hybrid AC-DC power system of up to 50 kW, inverters and energy storage systems can
be applied for frequency and voltage stabilization. In lager systems, continuously running
synchronous generators with controllable engines are more cost effective. For future
Megawatt class hybrid AC-DC power systems with high penetration of PEVs, the
frequency and voltage can be regulated through V2G services [34].
1.2.1.

Hybrid power system with renewable energy sources

Energy sources such as wind, solar, biomass, hydro, tide and geothermal energy
are generally recognized as renewable energy because they are inexhaustible or can be
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regenerated. Figure 1.2 shows different types of renewable energy sources and
generators. The overview of the commonly utilized renewable energy sources can be
found in [35]-[38].

Solar Energy

Wind Energy

Biomass Energy

Tide Energy

Geothermal Energy

Hydro Energy

Figure 1.2 Renewable energy sources and generators
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The utilization of renewable energy sources, such as photovoltaic panels, wind
turbines and fuel cells are becoming more and more popular. Therefore, in the upcoming
future, the penetration level of those renewable energy sources will keep raising in the
U.S. utility grid systems. Some of the renewable energy generation systems like
photovoltaic panel and fuel cells generate a DC output voltage. Therefore they can be
connected to the DC side of the hybrid AC-DC power system. Some other renewable
energy generation systems such as wind turbines, hydro energy generators and tide
energy generators generate an AC output voltage. Those systems can be connected either
to the DC side of the hybrid power system through a power rectifier or to the AC side of
the hybrid power system.
Among those different renewable energy resources, solar and wind are the most
popular and have been utilized for centuries by human beings because they are the most
sufficient energy sources and are easy to be harvested.
Solar technologies are broadly characterized as either passive solar or active solar
depending on the way they capture, convert and distribute solar energy. To harvest the
solar energy, the most common way is to use photovoltaic panels [39]. In a photovoltaic
system, solar irradiance is directly converted into electricity with solar cells, which are
produced from wafers or fine films. Those semiconductor devices can convert solar
irradiance into DC current. The photovoltaic panel efficiency can reach up to 30%,
depending on the materials, design technology, solar irradiance, and temperature.
Wind energy is derived from the solar energy because the earth is unevenly
heated by the sun. For example, the areas near the equator receive more energy from the
sun than the areas next to the poles. The different temperatures drive the movement of air
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and generate wind. Wind power can be harvested by using wind turbines and converted
to either electrical power or mechanical power. Wind power capacity has expanded
rapidly to 336 GW as of June 2014. At present wind energy production is around 4% of
total worldwide electrical production, and growing rapidly [40]. On an annual basis, as of
2011, few grid systems have penetration levels above 5%: Denmark 39%, Portugal 19%,
Spain 19%, Ireland 18%, and Germany 11%. For the U.S. in 2011, the penetration level
was estimated at 3.3%. Large scale wind farms can be connected to the electric power
transmission network and serve as big energy generators. Small wind farms can be
connected to both the AC and DC sides of the hybrid power system, in both grid
connected mode and islanding mode.
To obtain high penetration in hybrid AC-DC power systems from wind and solar
energy requires substantial long term storage or substantial interconnection to other
systems which may already have substantial storage together with power filters to
enhance the power quality.
1.2.2.

Plug-in electric vehicles charging in hybrid power system

As mentioned in section 1.1, the transportation sector consumed nearly 30% of
the total U.S. energy consumption. To accelerate the utilization of renewable and green
energy at the same time reduce the greenhouse gas emissions, one potential solution is to
replace traditional gasoline vehicles with PEVs.
A PEV is any motor vehicle that can be recharged from an external source of
electricity, such as wall sockets, and the electricity stored in the rechargeable battery
packs drives or contributes to drive the wheels. PEV is a superset of electric vehicles that
includes all-electric or battery electric vehicles, plug-in hybrid vehicles, and electric
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vehicle conversions of hybrid electric vehicles and conventional internal combustion
engine vehicles.
Recently, PEVs are becoming more and more popular because PEVs have several
benefits compared to conventional internal combustion engine vehicles. They have lower
operating and maintenance costs, and produce less or even no local air pollution. They
reduce dependence on petroleum and may reduce greenhouse gas emissions from the
onboard source of power, depending on the fuel and technology used for electricity
generation to charge the batteries. PEVs capture most of these benefits when they are
operating in all-electric mode.
Several national and local governments have established tax credits, subsidies,
and other incentives to promote the introduction and adoption in the mass market of
PEVs depending on their battery size and all-electric range. As of October 2014, there are
over 45 models of highway legal PEVs available for retail sales. Global sales increased
from 45,000 units in 2011 to 206,000 in 2013. As of September 2014, more than 600,000
highway-capable PEVs and light utility vehicles have been sold worldwide, with the
United States as the market leader with about 260,000 units delivered since 2008,
representing 43.0% of global sales. Japan ranks second with over 95,000 units sold since
2009 (15.8%), followed by China with more than 77,000 units sold since 2010 (12.8%).
Over 163,000 plug-in electric vehicles have been sold in the European market as of
September 2014, representing 27.0% of global sales. Sales are led by the Netherlands
with about 41,000 units registered, followed by France with almost 39,000 all-electric
cars and light utility vans sold since 2010, and Norway with about 38,00 plug-in electric
vehicles registered. The Nissan Leaf is the world's top selling highway-capable all-
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electric car, with global sales of over 150,000 units by November 2014, followed by the
Chevrolet Volt plug-in hybrid, which together with its sibling the Opel/Vauxhall Ampera
have combined sales of more than 87,000 units as of November 2014.
Despite their potential benefits, market penetration of PEVs has been slower than
expected as adoption faces several hurdles and limitations. The factors discouraging the
adoption of electric cars can be summarized as follows [41]:


Cost of lithium-ion batteries and cost of ownership [42]

As of 2013, plug-in electric vehicles are significantly more expensive as
compared to conventional internal combustion engine vehicles and hybrid electric
vehicles due to the additional cost of their lithium-ion battery pack.


Rare earth metals availability and supply security

Common technology for PEVs is based on the lithium-ion battery and an electric
motor which uses rare earth elements. The demand for lithium, heavy metals, and other
specific elements (such as neodymium, boron and cobalt) required for the batteries and
powertrain is expected to grow significantly due to the future sales increase of PEVs in
the mid and long term.


Risks associated with noise reduction

PEVs operating in all-electric mode at low speeds produce less roadway noise as
compared to vehicles propelled by an internal combustion engine, thereby increasing the
risk of accidents where pedestrians do not hear the vehicle coming.


Availability of recharging infrastructure [43]

Despite the widespread assumption that PEVs charging process will take place
overnight at home, residents of cities, apartments, dormitories, and townhouses do not
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have enough garages or driveways with available power outlets, and the customers might
be less likely to buy plug-in electric vehicles unless recharging infrastructure is
developed.


Potential overload impact to the utility grid [44]

The present aging utility grid and local transformers in particular, may not have
enough capacity to handle the additional power load that might be required in certain
areas with high PEV concentrations. Recharging a single PEV can consume three times
as much electricity as a typical home, so overloading problems may arise when several
PEVs in the same neighborhood recharge at the same time, or during the normal daily
peak loads.


Risks of battery fire

Lithium-ion batteries may suffer thermal runaway and cell rupture if overheated
or overcharged, and in extreme cases this can lead to combustion. When handled
improperly, or if manufactured defectively, some rechargeable batteries can experience
thermal runaway resulting in overheating. Lithium-ion batteries are especially prone to
thermal runaway.
The hybrid AC-DC power system architecture is the best solution to solve the last
three disadvantages of PEVs as mentioned above. Hybrid AC-DC power system is
suitable for PEVs charging infrastructures with different scales.
For small home scale hybrid power systems with utility grid connection and DC
voltage output chargers for PEVs as shown in figure 1.3, power generated by the
renewable energy sources can be used to charge the PEVs. The hybrid power system is
also connected to the utility grid, therefore when renewable energy is not sufficient, the
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Figure 1.3 Home scale hybrid power system with PEV
PEVs still can be charged from the utility grid. What’s more, the PEVs can be viewed as
an uninterruptible power supply (UPS) for the hybrid power system and improve the
performance of the DC power network and the household appliances inside it [45]-[48].
For medium scale public PEV hybrid parking garage power systems with several
PEVs charging together from the same DC bus as shown in figure 1.4, power generated
by the renewable energy farm associated with the parking garage can be used to charge
the PEVs, which can greatly decrease the greenhouse gas emissions and limit the PEVs
charging impact to the local utility grid connection point. Also, the parking garage hybrid
power system can monitor the PEVs SOC and SOH, and in some particular situations, the
garage can transfer energy from one PEV to another through the V2V function instead of
absorbing power from the utility grid with high price [49]-[51]. This will be especially
helpful during the load peak period. In addition, the parking garage can be viewed as a
huge energy storage with a large capacity. Therefore it can be used to improve the power
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quality of hybrid AC-DC power systems with critical loads such as medical apparatus
and instruments in a hospital.

Figure 1.4 Medium scale public PEVs hybrid parking garage power system
For large scale PEV network hybrid power system in urban areas, the renewable
energy farm power output can be more precisely forecasted. Also, because there are a
huge numbers of PEVs in the network, a single PEV behavior won’t influence the whole
network overall energy requirement and charging pattern. Therefore, with proper
planning and management, more energy can be utilized to charge the PEVs. Also, PEVs
offer users the opportunity to sell electricity stored in their batteries back to the power
grid, thereby helping utilities to operate more efficiently in the management of their
demand peaks. A V2G system would take advantage of the fact that most vehicles are
parked an average of 95 percent of the time. During such idle times the electricity stored
in the batteries could be transferred from the PEV to the power lines and back to the grid
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[52]-[55]. In the U.S this transfer back to the grid would have an estimated value to the
utilities of up to $4,000 per car per year [56]. In a V2G system it would also be expected
that PEVs would have the capability to communicate automatically with the power grid
to sell demand response services by either delivering electricity into the grid or by
throttling their charging rate.
In the hybrid AC-DC power system with PEVs, protections and limitations can be
set to prevent the batteries in the PEVs from over charge/discharge and over heat issues.
Also, with smart charging management and properly set communication network, the
SOC and SOH of the batteries will be monitored, therefore the risks of battery fire can be
completely eradicated and the life time of the battery banks will be extended [57]-[58].
1.2.3.

Lithium-ion battery in power system and plug-in electric vehicles

Lithium-ion battery is a member of a family of rechargeable battery types in
which lithium ions move from the negative electrode to the positive electrode during
discharge and back when charging. Lithium-ion batteries use an intercalated lithium
compound as one electrode material, compared to the metallic lithium used in a nonrechargeable lithium battery [59]. The electrolyte, which allows for ionic movement, and
the two electrodes are the consistent components of a lithium-ion cell.
Lithium-ion batteries are common in consumer electronics. They are one of the
most popular types of rechargeable batteries for portable electronics, with a high energy
density, no memory effect, and only a slow loss of charge when not in use. Beyond
consumer electronics, Lithium-ion batteries are also growing in popularity for military,
PEVs and hybrid AC-DC power systems with renewable energy sources and critical
loads. For example, lithium-ion batteries are becoming a common replacement for lead
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acid batteries that have been used historically for golf carts and utility vehicles. Instead of
heavy lead plates and acid electrolyte, the trend is to use lightweight lithium-ion battery
packs that can provide the same voltage as lead-acid batteries, so no modification to the
vehicle's drive system is required.
However, lithium-ion batteries can be dangerous under some conditions and can
pose a safety hazard since they contain, unlike other rechargeable batteries, a flammable
electrolyte and are also kept pressurized. If overheated or overcharged, lithium-ion
batteries may suffer thermal runaway and cell rupture [60]. In extreme cases this can lead
to combustion. To reduce these risks, lithium-ion battery packs should contain protection
circuit that disconnects the battery when its voltage is outside the safe range of 3–4.2 V
per cell. Exceeding this voltage range results in premature aging of the cells and,
furthermore, safety risks due to the reactive components in the cells. For lithium-ion
battery banks with several lithium-ion cells connected in series and/or in parallel, the
failure of one single cell because of over-charging/discharging or over heating may ruin
the whole battery bank’s performance. Therefore, the cells SOC and thermal monitor and
balance circuit is essential to protect the lithium-ion battery bank and ensure it is operated
at suitable conditions. The PEVs and hybrid AC-DC power system with lithium-ion
battery banks need to take this into consideration [61].
1.2.4.

Artificial intelligence in hybrid power system

Artificial intelligence is the intelligence exhibited by machines or software. The
central goals of Artificial intelligence research include reasoning, knowledge, planning,
and learning natural language processing (communication), perception and the ability to
move and manipulate objects. General intelligence is still among the field's long term
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goals. Currently popular approaches include statistical methods, computational
intelligence and traditional symbolic artificial intelligence. There are a large number of
tools used in artificial intelligence, including versions of search and mathematical
optimization, logic, methods based on probability and economics, classifiers and
statistical learning methods and many others. The artificial intelligence field is
interdisciplinary, in which a number of sciences and professions converge, including
computer science, mathematics, psychology, linguistics, philosophy and neuroscience, as
well as other specialized fields such as artificial psychology.
Artificial intelligence are widely applied to hybrid AC-DC power system in the
areas of planning, design, optimization, forecasting, management, and control. Artificial
neural network, genetic algorithm and fuzzy logic are three popular tools used in the
application of pattern recognition and forecasting, design optimization, and nonlinear
control, respectively.
Artificial neural networks (ANN) are a family of statistical learning algorithms
inspired by biological neural networks (the central nervous systems of animals, in
particular the brain) and are used to estimate or approximate functions that can depend on
a large number of inputs and are generally unknown. ANN are generally presented as
systems of interconnected "neurons" which can compute values from inputs, and are
capable of machine learning as well as pattern recognition [62].
Due to uncertain factors such as the next period load and the upcoming
environmental factor variations, the operation of a hybrid power system (especially the
ones with high penetration of renewable energy sources, PEVs and critical loads) needs a
precise forecasting to properly manage the generation, storage and distribution of energy.
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ANN is a good tool that can be utilized to forecast the short-term and long-term factors in
hybrid AC-DC power systems such as the upcoming load, solar irradiance, temperature
and wind speed. With this forecasted information, the hybrid power system can estimate
the energy generation and consumption gap in the near future, properly distribute the
available energy and maximize the utilization of the renewable energy sources.
Genetic Algorithm (GA) is a search heuristic that mimics the process of natural
selection. This heuristic (also sometimes called a metaheuristic) is routinely used to
generate useful solutions to optimization and search problems. Genetic algorithms belong
to the larger class of evolutionary algorithms, which generate solutions to optimization
problems using techniques inspired by natural evolution, such as inheritance, mutation,
selection, and crossover [63].
A hybrid AC-DC power system is a complex and highly coupled system in which
any component’s tiny variation may generate huge system performance differences. In
those hybrid power systems, most of the traditional optimization methods can’t offer
acceptable optimal solutions for system design and components chosen. GA is a powerful
tool and can be widely applied in hybrid AC-DC power system optimizations, from the
components level optimization such as optimizing inductor and capacitor sizes and
positions in a bidirectional DC-DC converter to minimize the electromagnetic
interference, to the system level optimization such as searching the optimized scales of
the renewable energy farm and energy storage system to supply enough power for a
certain amount of the local demand with best cost performance.
Fuzzy Logic Control (FLC) is based on fuzzy logic, a form of many-valued
logic which deals with reasoning that is approximate rather than fixed and exact.
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Compared to traditional binary sets (where variables may take on true or false values),
fuzzy logic variables may have a truth value that ranges in degree between 0 and 1. Fuzzy
logic has been extended to handle the concept of partial truth, where the truth value may
range between completely true and completely false. Furthermore, when linguistic
variables are used, these degrees may be managed by specific functions [64].
In hybrid AC-DC power systems, traditional controllers like proportionalintegral-derivative controller (PID controller) can handle most of the real-time regulation
and adjusting issues such as controlling the power flow in power electronics devices [65].
But in some cases, the control plant doesn’t have direct mathematic relationship with the
inputs, such as the PEVs charging rates are not directly depend on the factors like the
renewable energy farm output power, the AC grid frequency, the power grid frequency,
the energy price, etc. In this situation, FLC is a useful tool to link those factors and
manage the whole system.
1.2.5.

Information technology and wireless communication

The smart management of hybrid power systems is highly dependent on
communication infrastructures. Having effective communication technologies will be
critical to the successful operation of a hybrid power system with multiple components
and power electronic devices. In general, the communication networks can be categorized
as home area network, field area network and wide area network [66]. Depending on the
location of the hybrid AC-DC power system such as home or PEVs parking garage, the
needed network architecture is related with home area network and field area network.
The electrical sensors and smart meters on the PEV charging stations and renewable
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energy farms can monitor and exchange information with central aggregator through the
field area network to smartly manage the power flow in the hybrid AC-DC power system.
The required two-way communication network and bi-directional power flow
(charging/discharging) between the PEVs and the hybrid AC-DC power system may
complicate the operations. Therefore a reliable communication network is needed to
enable the successful integration of a large number of PEVs [67]-[68]. In a PEV car park
garage, some special services must be offered such as: enroll, register, and set up initial
communications with the hybrid power system; provide PEV charging status information
to the hybrid power system, and regulate PEVs charging signals with the customers
selected rates and energy price.
A variety of communication protocols can achieve reliable two-way
communication networks. However, communication technology options are unproven yet
for hybrid power systems with PEVs and renewable energy sources. So far, there is
neither a well-defined industrial code nor a standard for communication between PEVs
and the hybrid charging power station. Based on the specific communication needs of
PEVs, HomePlug network, ZigBee network and Cellular Network are three popular
communication network topologies that can be potential solutions to the future PEVs
parking garage hybrid power system [69]-[71]. In this dissertation, ZigBee network is
chosen in the PEV parking garage hybrid power system emulator design.

1.3. Motivation for Solving the Existing Problems
The U.S. government keeps searching for new ways to promote energy
conservation efficiency, eliminate dependency on fossil fuel, reduce carbon emissions,
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and meet the increasing demand for energy consumption. Also, consumers in the utility
grid system are looking for reliable and low cost energy supplies. At the same time,
utility companies also want to improve their power system reliability, and reduce the cost
of energy generation, transmission and distribution. As mentioned earlier, smart hybrid
AC-DC power system with PEVs and renewable energy sources have become a popular
and effective solution to address challenges such as global fossil energy scarcity,
greenhouse gas emissions, global warming, utility grid over loading, high operation cost,
and grid security.
Therefore, much more research about the hybrid AC-DC power systems with
PEVs and renewable energy sources is needed. The research in this dissertation will
cover several subjects related to hybrid AC-DC power systems modeling, design,
forecasting, optimization, control, protection, and economic analysis.
1.3.1.

Essential applications are in practice

The techniques developed in this dissertation will be verified on a hybrid AC-DC
power system testbed with various functions including a real-time PEV parking garage
emulator hardware platform. This gives a great opportunity to plan, model, design, and
create samples for a variety of power system components that can be applied in future
hybrid AC-DC power systems with different scales. This hybrid AC-DC power system
has two major parts: AC and DC subsystems. The AC subsystem has local generators,
AC loads and can be connected utility grid connection through a local transformer. The
DC subsystem has PV emulator, DC load, and a PEV parking emulator with five lithiumion battery banks and five bidirectional DC-DC converters that act as five PEVs and their
charger. A bidirectional AC-DC inverter is used to links the AC and the DC subsystems.
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1.3.2.

Hybrid power system real-time analysis and operation

Operating a hybrid AC-DC power system with multiple components requires an
infrastructure to monitor, protect and control the system in real-time. For this purpose,
this research focuses on the application of modern control algorithms involving
modeling, forecasting, optimization, and real-time control to a hybrid power system with
renewable energy source emulator and PEVs emulator that can be verified through
hardware in the loop systems. This is because the planning, construction, and managing
of future hybrid power systems, especially the ones with high penetration of renewable
energy sources and PEVs need those technologies studied in this dissertation. Also, realtime operation and physical infrastructure of emulated hybrid AC-DC power systems
enables researchers to experimentally run scenarios and investigate hidden issues in
virtual systems.
1.3.3.

Smooth PEV charging impact to utility grid

Grid integration of large numbers of PEVs is both a challenge and opportunity to
the current power grids. If not managed properly, large numbers of PEVs may degrade
the power system stability and reliability. If regulated wisely, the PEVs batteries can
serve as distributed energy storage to relieve the peak demand and keep the real-time
balancing of generation and load. This dissertation addresses the challenges of charging
impact to utility grid brought by large numbers of PEVs and the objectives are as follows:


Reduce the charging cost based on the utility grid energy prices;



Smart control the PEV charging process to shift peak time and reduce the
peak power demand;



Maximize the utilization of renewable energy sources to charge the PEVs;
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Provide V2G services such as grid frequency regulation, reactive power
compensation, and load peak shaving to help the utility grid improve the
overall system reliability, efficiency, and stability.

1.3.4.

Hybrid power system protection

Protection plays an important role in hybrid AC-DC power system operation and
management. The future hybrid power systems should function with the protection of
electrical power systems from faults through the isolation of faulted parts from the rest of
the electrical network. The objective of a protection scheme is to keep the hybrid power
system stable by isolating only the components that are under fault, whilst leaving as
much of the network as possible still in operation. Thus, protection schemes must apply a
very pragmatic and pessimistic approach to clearing system faults. This dissertation also
put efforts to solve two kinds of protections: hybrid system operation with pulsed loads
protection and lithium-ion battery banks SOC and thermal unbalancing protection. The
hybrid system operation with pulsed loads protection will prevent the hybrid power
system from over loading, over voltage, and over current which may damage the major
components such as AC generators and energy storage systems. The lithium-ion battery
banks SOC and thermal unbalancing protection will greatly improve the performance of
the lithium-ion battery banks and extend the battery banks operation lifetime.
1.3.5.

Verification of developed techniques on hardware based Testbed

In this dissertation, the detailed design process of hardware based PEV parking
garage hybrid AC-DC power system emulator will be given. The advantages of
establishing such a system setup are as follows:
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Compare different solutions and approaches in hybrid AC-DC power system
modeling, optimization, control and protection.



Provide faster and more reliable results for Hybrid AC-DC power systems due
to the availability of an actual power system model and components.



Solving the problem in presence of real environmental conditions, such as
PEV charger noise and harmonics, non-ideal conditions as well as some
hidden or neglected factors which may be concealed in simulation study.



Investigate the design and operation of the high efficiency components needed
to build different scales of PEV parking garage hybrid power systems.



Investigate and limit the impacts of PEV charging to the utility AC grid.



Develop a platform for community and commercial awareness regarding PEV
charging hybrid power systems and their economic and environmental values.



Provide a training and education environment not only for research but also
for future power engineering students.

1.4. Literature Review
Electrification of transportation has become an important industry trend supported
by the interest of energy independence. For the past few years, PEV technology
development has gained immense popularity because of the PEV’s ability to reduce
greenhouse gases (GHGs) and its ability to alleviate the effects of rising gasoline prices
on the consumer [72]. Recent analysis indicates that significant portions of the U.S.
gasoline-operated vehicle fleet could be fueled with the available electric capacity. In
fact, about 84% of the total energy needed to operate all of the cars, pickup trucks, and
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SUVs in the U.S. could be supported using the generation capacity currently available
[73]. The National Renewable Energy Laboratory (NREL) concluded that large-scale
deployment of PEVs will have limited, if any, negative impacts on the electric power
generation requirements [74]. Recent studies showed that if PEVs displaced half of all
vehicles on the road by the year 2050, they would require only an 8% increase in
electricity generation (4% increase in capacity) [75]. These data have encouraged the
continuing development of PEVs.
In [76] an experimental control strategy for an electric vehicle charging system
composed of a photovoltaic (PV) array, converters, power grid emulator and
programmable DC electronic load that represents a li-ion battery emulator is presented.
The designed system can supply power to the battery at the same time as PV energy
production. The applied control strategy aims to extract maximum power from PV array
and manages the energy flow through the battery with respect to its state of charge and
taking into account the constraints of the public grid. In [77] how a solar powered
building interacts with energy storage and how it can be used to power a PEV and to
support the grid with peak shaving, load shifting, and reducing annual energy usage is
demonstrated. A smart micro-grid equipped with renewable sources will be popular and it
will be common for the owners of the smart house to profit from utilizing their alternative
energy assets and PEVs. Because of bidirectional power flow between smart houses and
the utility gird, at a certain time, the power generated by the renewable sources may be
larger than the power needed by the load and the power can be sold to the utility grid.
Furthermore, with PEVs, the owner can choose the best time (e.g. when the price of the
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power is the highest during a day) to sell the power to the grid to get the maximum
benefit.
In order to limit the impact of PEVs on the grid, different priorities and charging
price should be developed. With different priority levels, PEVs in a parking lot will be
charged at different periods. For a certain time, the controller should make a decision on
which PEVs should be charged and which should not base on priority levels, power flow
limitation, and the objective of minimizing of total cost. In [78] an intelligent method for
scheduling usage of available energy storage capacity from PEVs is proposed. The
batteries on these vehicles can either provide power to the grid when parked, known as
V2G concept or take power from the grid to charge the batteries on the vehicles. A
scalable parking lot model is developed with different parameters assigned to fleets of
vehicles. Optimal solutions that maximize profits to vehicle owners while satisfying
system and vehicle owners’ constraints is found by using binary particle swarm
optimization algorithm. The system should update the charging state every several
minutes, because of the stochastic characters of the number of PEVs connected to the
grid and the energy needed by them. The updating can be accomplished by using the
gossip based message dissemination schemes [79].
As mentioned, during V2G operations, a big PEVs parking station can provide
many grid service such as reactive power support. In [80], the potential of a plug-in
electric vehicle parking lot (Smart-Park) for energy storage in a power system with a
large wind farm has been investigated. Also, a fuzzy logic based coordination controller
of the wind farm and the distributed Smart-Parks has been proposed in this paper. The
fuzzy controller uses the total state of charge of the Smart-Parks and the difference
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between instantaneous demand and the available wind power generation as the inputs and
thereby generates the charging or discharging power commands of the Smart-Parks and
the pitch angle reference for the wind turbine. In [81], the potential of a low-cost solution
that utilizes the reactive power and voltage support capabilities of plug-in vehicles parked
in charging stations (Smart-Parks) so that they can behave as virtual STATCOMs is
explored. In [82], an idea is presented for utilizing PEV parking lots (Smart-Parks) to
reduce the shock on the transmission lines connected to a wind farm caused by drastic
variations in wind-power generation and to prevent the neighboring lines from
overloading.
By using a properly designed PEV load dispatch algorithm, the load power
consumption curve can be shaped much more manageable. At that time, the control of the
power generated by the generator based on future load forecasting will be much easier. If
the daily power consumption is a constant or changing smoothly, more base energy
sources can be used which are much cheaper. In [83], a smart load management control
strategy for coordinating PEV charging based on peak demand shaving, improving
voltage profile, and minimizing power losses is proposed. Furthermore, the developed
smart load management approach takes into consideration the PEV owner’s preferred
charging time zones based on a priority selection scheme. The impact of PEV charging
stations and typical daily residential loading patterns are also considered. In [84] a realtime smart load management (RT-SLM) control strategy is proposed and developed for
the coordination of PEV charging based on real-time (e.g. every 5 min) minimization of
total cost of generating the energy plus the associated grid energy losses. The approach
reduces generation cost by incorporating time-varying market energy prices and PEV
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owner preferred charging time zones based on priority selection. The RT-SLM algorithm
appropriately considers random plug-in of PEVs and utilizes the maximum sensitivities
selection (MSS) optimization.
At the same time, batteries have emerged as the most prominent energy storage
device and are rapidly being integrated into smart hybrid power systems and PEVs.
Battery systems serve to enhance the performance of smart grids utilizing renewable
energy sources, specifically those in islanding configurations. These battery systems
should compensate for the intermittent nature of renewable sources and serve to regulate
frequency and supply power to increase the reliability and efficiency of a power system.
Lithium-ion batteries in particular are the most popular choice and are likely to remain as
the ideal battery chemistry [85]. They’re valuable not just for the great amount of energy
they can store in comparatively little space and at a lighter weight but also for the big
spike of current they can kick out. The recent Boeing 787 Dreamliner lithium-ion battery
faults in Japan and Boston have illustrated the importance of developing reliable and
efficient battery management systems in high energy density battery systems [86]. PEV’s
have also seen an expansive growth over the past several years and with their growth in
popularity increases the demand for more reliable and efficient battery management
systems. PEVs rely heavily on the capability of their battery management systems to
monitor and manage the state of charge and temperature variations in order to increase
the capacity, reliability, and lifetime of the individual cells that make up their battery
system. Imbalances and variations between individual cells often occur throughout the
battery banks and these variations can range from discharge rates and internal
impedances to energy densities. Imbalances in cell temperatures and state of charge can
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lead to individual cells being overcharged, over discharged, and overheated. These
failures can propagate throughout the entire battery system and severely diminish the
efficiency and reliability of the system. The optimal operating environment of lithium-ion
battery ranges from 30 to 40

and every 10

increase in the temperature halves the life

of the battery cell [87]. The specific characteristics and needs of the hybrid power system
and PEVs, such as deep charge/discharge protection and accurate SOC and state-ofhealth estimation, intensify the need for a more efficient battery management system.
In [88], T. Huria et al presented a high fidelity electrical model with thermal
dependence for characterization and simulation of high power lithium battery cells. This
work gives a method to model lithium ion batteries with the pulse charging and
discharging performance characters. The model is able to estimate the SOC and
temperature of single lithium-ion batteries. In [89], Kim, T et al gave a multi-cell battery
bank system design method for electric and plug-in hybrid electric vehicles, which has
the function of SOC self-balancing. The battery banks performance is also dependent on
the temperature, an overheated single cell may ruin the whole system. Therefore, more
research is needed to design the energy storage management and protection system to
take both SOC and thermal imbalance issues into consideration. In [90], Lu, X. et al
presented the coordinated control of distributed energy storage systems in dc micro grids.
In order to balance the SOC of each energy storage unit, an SOC-based adaptive droop
control method is proposed. In this decentralized control method, the droop coefficient is
inversely proportional to the nth order of SOC. By using a SOC-based droop method, the
energy storage units with higher SOC deliver more power, whereas the ones with lower
SOC deliver less power. Therefore, the energy stored in the ESU with higher SOC
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decreases faster than that with lower SOC. The SOC difference between each energy
storage unit gradually becomes smaller, and finally, the load power is equally shared
between the distributed energy storage units.

1.5. Problem Statement
With the high penetration of PEVs and renewable energy sources in the future, the
existing U.S. utility grid may not have sufficient capability to handle with high power
flow. Therefore, novel energy management methods together with high efficiency power
system architectures are needed to keep the future utility grid operating in stable mode.
This dissertation focuses on designing a hybrid AC-DC power system with high
penetration of renewable energy sources and PEVs. The research problem has the
following eight main facets:


To maximize the utilization of renewable energy for smart parking systems
with PEVs, renewable energy sources, and AC utility grid.



To investigate the power quality aspects related to the hybrid AC-DC power
system under study with PEV parking systems and renewable energy sources.



To study, model, simulate, implement and control the various power
electronic converters involved in a hybrid AC-DC power system such as the
bidirectional DC-DC converters for PEVs, DC-DC boost converter with
maximum power point tracking (MPPT) function for photovoltaic panel and
so on.



To find the optimal solutions for planning and construction of future PEV
hybrid parking garage power system with different scales.
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To minimize power losses, improve voltage profile and limit the impact of
PEVs to the hybrid AC-DC power system under study.



To regulate voltage and frequency of the hybrid power system AC side and
maintain the DC side voltage stability by using active and reactive power
compensation through V2G and V2H functions.



To enhance the hybrid power system reliability by introducing effective
protection solutions to lithium-ion battery banks, power electronic devices,
and securing the communications in the system.



To develop real-time power management algorithms in order to smartly
operate hybrid AC-DC systems. These algorithms will be focused on solving
several power system issues such as optimal operation of hybrid renewable
energy systems or smart distribution of limited energy to different PEVs.

1.6. Purpose of Research
The aim of this research is to design and verify smart charging strategies for
different scales of PEV parking garage hybrid power systems with high penetration of
renewable energy sources, and discuss their intelligent operation and protection. The
proposed smart charging hybrid power system has the capability to regulate and spin the
reserve, reshape the load curve, serve as external storage for renewable sources, and
generate revenue by buying and selling power at different times according to variable
price curves. At the same time, the hybrid power system can monitor the PEVs in it and
smartly distribute the energy among them. Moreover, control of the charging process of
the PEVs with the proposed intelligent energy management algorithms will help the
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hybrid power system improve the power quality and boost the renewable energy
harvesting.
All of this will accelerate the renewable energy harvesting and increase the
amount of PEVs in the future market, which in the end will decrease greenhouse gas
emissions, slow down global warming, and reduce the utility grid dependence on fossil
energy.

1.7. Original Contribution of This Dissertation
The conventional aging U.S AC utility power system needs significant changes
and improvements in the energy generation stage, transmission stage and distribution
stage to address the challenges that will be brought by high penetration of renewable
energy sources, distributed generations and critical electronic loads such as PEVs.
Therefore, new power system architectures together with effective power and energy
management algorithm need to be designed to enhance the modern power systems’
reliability, stability, efficiency and security in both AC and DC sides.
This dissertation introduced a hybrid AC-DC power system with PEVs and
renewable energy sources. This hybrid AC-DC power system has the capability to be
operated in both grid-connected and islanding modes in real-time manner. Artificial
intelligent tools such as ANN, GA and FLC are used in design, optimization and control
of the hybrid power system. Throughout this dissertation, novel ideas and concepts are
presented on different scales, from the component level to the system scale.
On the component scale, the performance of the current state-of-the-art DC-DC
converters used to integrate renewable energy sources and connect PEVs to the DC bus is
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depicted. Moreover, a novel wireless control of bidirectional DC-DC converter power
flow for battery charging/discharging management is proposed. Also, the active and
reactive power decoupled control for bidirectional AC-DC inverter is simulated and
implemented in hardware. Furthermore, a novel FLC based battery banks management
system with SOC and thermal self-balancing functions is developed and implemented to
control lithium-ion battery banks in PEVs and hybrid power systems.
On the system scale, novel scale optimization method is given for planning and
construction of renewable energy farms and energy storage systems to smoothly supply
large amount of energy to the utility grid with limited impacts. Also, FLC based charging
control of PEVs in different scales of PEV parking garages are given with the
consideration of several factors such as: limit charging impact to utility grid, maximize
the utilization of renewable energy, minimize the charging cost, and support the utility
grid through the V2G services. Moreover, the detailed analysis of the operation of each
component in the hybrid AC-DC power system in system point of view are given in both
grid-connected and islanding modes.

1.8. Dissertation Organization
This dissertation is prepared in eleven chapters including the current chapter and
they are organized as follows:
Chapter 1 presents a background about the hybrid AC-DC power system,
including the overviews of the benefits and current challenges about the hybrid power
system with high penetration of renewable energy sources and PEVs, the role of lithiumion batteries as energy storage in hybrid power systems and PEVs, and the application of
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artificial intelligence to hybrid power systems. It also includes the literature review,
problem statement, and purpose of this research, originality contribution of this research
and the outline of this dissertation.
Chapter 2 introduces a detailed hybrid AC-DC power system operation with
PEVs. It analyzes the potential PEV charging impact to the utility grid while explaining
PEVs charging control through V2V and V2G services. It also gives the communication
requirements for hybrid AC-DC power systems to fulfill those functions.
Chapter 3 introduces the way of utilizing renewable energy sources in hybrid
power systems, from renewable energy pattern analysis to maximizing renewable energy
sources with power electronics devices and MPPT technologies. It also contains analysis
of the renewable energy sources potential impact to the hybrid power system.
Chapter 4 gives a novel optimization method for sizing a renewable energy farm
consisting of batteries and ultra-capacitors in a hybrid power system. The proposed sizing
method fully utilizes the energy generated from the renewable energy farm and limits
power fluctuation within the utility grid, which will greatly improve grid stability and
reduce construction and maintenance costs. A two-step optimization process
appropriately sizes the renewable energy farm and the energy storage system by using a
genetic algorithm. A case study of a hybrid power system located in Key West, Florida is
presented to verify the advantages of the proposed optimal sizing method.
Chapter 5 presents a battery management system that is able to self-heal from
faults in order to avoid SOC and thermal imbalances using cell switching circuits. An
accurate lithium-ion battery thermal model is presented to emulate the lithium-ion battery
state during the charging and discharging process. A novel fuzzy logic based battery bank

35

management system is presented. The battery bank management system has self-healing
capabilities to protect itself from SOC and thermal imbalances.
Chapter 6 proposes a FLC based smart charging algorithm for a small scale
hybrid AC-DC PEV workspace parking garage charging system. A model of a 318V
grid-connected DC power distribution network combined with PV and PEV parking
garage is designed and simulated. Accurate PV and PEV power stochastic models based
on statistical theory are studied.
Chapter 7 introduces the economic analysis of a real-time large scale PEV
network power flow control algorithm for charging impact limitation and V2G services.
An optimization process for renewable energy farm with both solar and wind energy by
using genetic algorithm (GA) is given. The studies include both the feasibility and
economic analysis.
Chapter 8 proposes the distributed power control of major components in the
hybrid AC-DC power system with renewable energy source, energy storage and pulsed
loads. A bidirectional fully controlled AC-DC inverter is used to link the AC subsystem
with the DC subsystem. A DC-DC boost converter with a MPPT function is implemented
to maximize the energy generation from the PV farm. Bidirectional DC-DC converter is
applied to connect a lithium-ion battery bank to the DC subsystem. The detailed power
control strategies of different power electronic devices for the hybrid micro grid operated
in grid-connected mode and islanding mode are proposed and analyzed. Simulation and
hardware experiments are done with the mitigation of pulsed loads.
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Chapter 9 presents of the methodology of using Micro controllers and wireless
transmitters to monitor and control the charging/discharging of lithium-ion battery banks
in the DC subsystem of a hybrid AC-DC power system.
Chapter 10 gives the description of a laboratory scaled PEV car park
infrastructure emulator smart hybrid power system testbed developed at the Energy
Systems Research Laboratory, Florida International University. The proposed control
algorithms in former chapters are tested on the testbed. Hardware experiments are done
with the results showing that the proposed PEVs car park emulator can smartly charging
the battery banks and help the AC micro grid regulating the system frequency through
V2G services.
Chapter 11 summarizes this dissertation, concludes the significance of this
research, discusses the results, and finally makes recommendations for the future
research.
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2. Hybrid AC/DC Power System with Plug-in Electric Vehicles

2.1. Introduction
The debate of AC power systems versus DC power systems is historical and as old as
the evolution of the first commercial power systems themselves. In the late 1880s, a
variety of inventions across the United States and Europe led to a full-scale battle
between alternating current and direct current distribution [91].
In 1886, Ganz Works, an electric company located in Budapest, electrified all of
Rome with AC power. Thomas Edison, on the other hand, had constructed 121 DC power
stations in the United States by 1887. A turning point in the battle came when George
Westinghouse, a famous industrialist from Pittsburg, purchased Nikola Tesla’s patents for
AC motors and transmission the next year.
In the late 1800s, DC could not be easily converted to high voltages. As a result,
Edison proposed a system of small, local power plants that would power individual
neighborhoods or city sections. Power was distributed using three wires from the power
plant: +110 volts, 0 volts, and -110 volts. Lights and motors could be connected between
either the +110V or 110V socket and 0V (neutral). 110V allowed for some voltage drop
between the plant and the load (home, office, etc.). Even though the voltage drop across
the power lines was accounted for, power plants needed to be located within 1 mile of the
end user. This limitation made power distribution in rural areas extremely difficult, if not
impossible.
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With Tesla’s patents, Westinghouse worked to perfect the AC distribution system.
Transformers provided an inexpensive method to step up the voltage of AC to several
thousand volts and back down to usable levels. At higher voltages, the same power could
be transmitted at much lower current, which meant less power lost due to resistance in the
wires. As a result, large power plants could be located many miles away and service a
greater number of people and buildings. Over the next few years, Edison ran a campaign
to highly discourage the use of AC in the United States, which included lobbying state
legislatures and spreading disinformation about AC. Edison also directed several
technicians to publicly electrocute animals with AC in an attempt to show that AC was
more dangerous than DC. In an attempt to display these dangers, Harold P. Brown and
Arthur Kennelly, employees of Edison, designed the first electric chair for the state of
New York using AC. In 1891, the International Electro-Technical Exhibition was held in
Frankfurt, Germany and displayed the first long distance transmission of three-phase AC,
which powered lights and motors at the exhibition. Several representatives from what
would become General Electric were present and were subsequently impressed by the
display. The following year, General Electric formed and began to invest in AC
technology. Westinghouse won a contract in 1893 to build a hydroelectric dam to harness
the power of Niagara Falls and transmit AC to Buffalo, NY. The project was completed
on November 16, 1896 and AC power began to power industries in Buffalo. This
milestone marked the decline of DC in the United States. While Europe would adopt an
AC standard of 220-240 volts at 50 Hz, the standard in North America would become
120 volts at 60 Hz.
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Swiss engineer René Thury used a series of motor-generators to create a highvoltage DC (HVDC) system in the 1880s, which could be used to transmit DC power
over long distances. However, due to the high cost and maintenance of the Thury systems,
HVDC was not adopted for almost a century. With the invention of semiconductor
electronics in the 1970s, economically transforming between AC and DC became
possible. Specialized equipment could be used to generate high voltage DC power (some
reaching 800 kV). Parts of Europe have begun to employ HVDC lines to electrically
connect various countries. HVDC lines experience less loss than equivalent AC lines
over extremely long distances. Additionally, HVDC allows different AC systems (e.g. 50
Hz and 60 Hz) to be connected. Despite its advantages, HVDC systems are more costly
and less reliable than the common AC systems. In the end, Edison, Tesla, and
Westinghouse may all have their wishes come true. AC and DC can coexist and each
serves a purpose.
Nowadays, due to environmental issues caused by fossil fueled energy sources and
the exhaustion of the global fossil energy reserves, more renewable energy systems such
as solar farms and wind farms are connected in utility power systems. The majority of
renewable energy sources generate DC power, or need a DC link to connect to the utility
grid and as a result of increasing modern DC loads such as PEVs and light-emitting
diodes (LEDs), DC micro grids have begun to emerge for their benefits in terms of
efficiency, cost, and being able to eliminate the DC-AC or AC-DC power conversion
stages and their accompanied energy losses.
On the other hand, the majority of the utility power grids are still in AC type,
including energy generation, transmission to distribution. Purely DC power systems are
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not expected to emerge exclusively in the power system. Therefore, the design and
management of hybrid AC-DC power systems which link AC power system with DC
power subsystem and employ the benefits of both systems, has become an interestingly
popular area of research.
PEVs are gaining popularity due to several reasons; they are convenient, visually
appealing, quiet, and produce less pollution in the environment. However, the increasing
number of PEVs can have a huge impact on the utility grid or small scale hybrid AC-DC
power system if properly designed smart charging techniques are not utilized.
Uncoordinated and random charging activities could greatly stress the distribution
system, causing several kinds of technical and economic issues such as suboptimal
generation dispatches, huge voltage fluctuations, degraded system efficiency and
economy, as well as increasing the likelihood of blackouts due to network overloads. On
the other hand, if properly managed with fulfillment of the V2G and V2V functions, PEV
batteries can serve as distributed energy storages to relieve peak demand and keep the
real-time balancing of generation and load in the hybrid power system.
This chapter is organized as follows: Section 2.2 gives the introduction of the state of
the art of hybrid AC-DC power systems and their challenges and communication
requirements in both grid-connected and islanding operation modes. Section 2.3 analyzes
the present market available PEV charging infrastructures and their possible charging
impacts to the utility grid at transmission and distribution levels. Section 2.4 describes the
vehicle to grid technology together with its challenges and future market. Section 2.5
presents the concept of vehicle to vehicle technology and its challenges and future
possible markets. Finally, a conclusion is given in Section 2.6.
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2.2. Hybrid AC-DC Power System Architectures
Hybrid AC-DC power systems by definition contain a number of power
generation devices such as wind turbines, photovoltaics, micro-hydro and/or fossil fuel
generators, and range from small systems designed for one or several homes to very large
ones for remote island grids or large communities. The idea is to combine the AC and DC
subsystems through a bidirectional AC-DC inverter and establishing a hybrid AC-DC
smart grid in which AC or DC energy sources and loads can flexibly integrate into the
hybrid systems and power can smoothly flow between the two subsystems. The
conceptual hybrid AC-DC power system configuration is shown in figure 2.1. The hybrid
AC-DC power systems may have various AC and DC loads and power sources such as
wind turbines, photovoltaic panels, flywheel, fuel cell and local generators connected to
the AC and DC subsystems respectively. The AC and DC buses are linked together
through three phase bidirectional AC-DC inverter. The AC bus of the hybrid power
system can be tied to the utility grid.
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Figure 2.1 Hybrid AC-DC power system configuration
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2.2.1.

Grid Connected Mode and Islanding Mode

Like other kinds of microgrids, the hybrid AC-DC power system can be operated
in either grid connected or islanding modes and the control system should be able to
support the two operating modes as well as transition between these modes.
In grid connected mode, due to connecting to the main utility grid, the load
demand can be met all the time, and the AC bus is strong enough that the voltage
amplitude and frequency don’t need to be regulated. Therefore, the main operation
objective of the hybrid AC-DC power system is to maximize the utilization of renewable
energy sources and generate more revenues according to the energy market price. The
bidirectional AC-DC inverter is to regulate DC bus voltage and reactive power flow. The
power electronics devices connected to the renewable energy sources are controlled to
provide the maximum power. When the power generated form the DC energy sources is
greater than the load consumption from the DC bus, the bidirectional AC-DC inverter can
transfer energy to the AC side. When the total power generated is more than the load in
the hybrid power system, the extra energy will be injected to the utility grid. Otherwise,
the hybrid AC-DC power system will receive power from the utility grid. In grid
connected mode, the energy storage devices such as battery banks are not essential
because the power flow is balanced in the hybrid power system by the utility grid.
However, those energy storage devices can help the hybrid power system increase the
operating revenues by intelligently buying and selling power to the utility grid. For
example, when the energy price is low, the hybrid power system can store extra energy in
the batteries instead of selling to the utility grid. Further, with precise renewable energy
source output and local load fasting, hybrid power systems can purchase cheap energy in
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advance from utility grid and store it in the energy storage devices for an upcoming local
load peak.
When the hybrid AC-DC power system is operating in islanding mode, the power
flow can’t be balanced by the utility grid. Also, the AC bus voltage is not as robust as it is
in grid-connected mode. Therefore, the highest priority is to keep the whole system stable
and maintain a reliable power supply to the loads. The control objective of the hybrid
AC-DC power system operated in islanding mode is to maximize the satisfaction rate of
the load with minimum operational cost, which can be accomplished by smart control of
various power electronic devices. In islanding mode, the energy storage devices play a
significant role for both power balance and voltage stability. DC bus voltage is regulated
to be stable by the battery together with the bidirectional DC-DC converter. The
bidirectional AC-DC inverter is used to provide a high quality AC bus voltage with stable
amplitude and frequency. The renewable energy sources can be operated on maximum
power point tracking or off maximum power point tracking based on the SOC of the
energy storage devices and power flow situations in the hybrid power system.
2.2.2.

Hybrid AC-DC power system challenges

The objective of energy management of hybrid AC-DC power systems is to keep
the whole system stable while minimizing the system’s operating expenses such as fuel
costs, maintenance costs, and purchasing costs of electricity from the utility grid.
Multiple power electronic devices are required to cooperate together and multiple reverse
conversions are required in individual AC or DC subsystems. This may add additional
losses to the system operation and will make the hybrid power system more complicated.
Therefore, there are still several challenges for the hybrid AC-DC power system to
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provide reliable, high quality electric power to loads in an environmentally friendly and
sustainable way. The possible challenges for future hybrid AC-DC power systems are:


How to integrate and combine different types of energy sources that have
unique operating constraints and benefits.



How to improve the quality issues such as frequency, voltage, harmonics
and system stability.



How to optimize the scales and locations of each component in the hybrid
system and limit its impact to the utility grid.



How to determine when an islanded hybrid power system should be formed
in the face of the array of abnormal conditions that the utility can
experience.



How to provide segments of the hybrid AC-DC power system with
sufficient coordinated fault protection while operating in islanding mode.

Therefore, future hybrid AC-DC power systems should have an advanced
structure and control scheme that can facilitate the connections of various AC and DC
generation systems, energy storage devices, and various critical AC and DC loads with
the optimal asset utilization and operational efficiency.
2.2.3.

Hybrid AC/DC power system communication requirements

One of the important technological areas of the hybrid AC-DC power system is
integrated two-way communications, which allows for dynamic monitoring of electricity
use as well as the potential for automated electricity use scheduling.
The potential promises of the Smart Grid are numerous, including: (1) improved
reliability; (2) increased physical, operational, and cyber security, as well as resilience
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against attack or natural disasters; (3) ease of repair, particularly remote repair; (4)
increased information available to consumers regarding their energy use; (5) increased
energy efficiency along with the environmental benefits gained by such efficiency; (6)
the integration of a greater percentage of renewable energy sources, which can be
inherently unpredictable in nature; (7) the integration of plug-in electric vehicles; and, (8)
a reduction in peak demand [92].
Therefore, effective communication network infrastructure is one of the key
factors for hybrid AC-DC power systems with high penetration of PEVs and renewable
energy sources to operate with high power quality, reliability, efficiency, security and
low cost.

2.3. Plug-in Electric Vehicles Charging Impact to Utility Grid
The battery capacity of a fully charged PEV from electric vehicle automakers (such
as Nissan) is about 20 kWh, providing it with an electrical autonomy of about 100 miles.
Tesla Motors released their Model S with battery capacities of 60 kWh and 85 kWh with the
latter having an estimated range of approximately 480 km. PEVs can be charged slowly or
quickly, at home or at a public charging station. The charging infrastructures are important
components necessary to accommodate and support the successful rollout of PEVs. Charging
equipment for PEVs is classified by the rate at which the batteries are charged. Charging
times vary based on how depleted the battery is, how much energy it holds, the type of
battery, and the type of charger. The charging time can range from 15 minutes to 20 hours or
more, depending on these factors. Three main types of charging levels are commonly used
for PEVs in U.S., the detail is shown in Table 2.1.
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Table 2.1 U.S. Standard Plug-in Electric Vehicle Charging Levels

Charging Type
Level 1

Characteristics


110/120 V, AC, 15 -20 amp



Does not require installation and can use standard 110 V electrical
outlet

Level 2

Level 3



Typical charge time: 8-12 hours



208-240 V, AC, 15-30 amp



Requires special installation with average cost of $1,000



Typical charge time: 3-8 hours



DC fast charging stations



480 to 600V, DC, 125 amp, 55 kW or higher



Requires special installation



80% charge in 30 minutes

Without proper, management, charging of PEVs may cause a huge impact to the
utility grid, increasing the load peak demand and may causing grid instability. The level 3
charging stations can absorb 55 kW or higher power from the utility grid to charge a single
PEV. This power consumption is several times more than the average U.S. household power
consumption. Therefore, if several PEVs are charging at the same time in the a level 3 DC
charging station, the charging behavior will absolutely generate a pulsed load effect to the
utility grid, which brings impacts to the grid power transmission system such as transmission
line over current issues and transformer degradation issues. Even for level 1 and 2 charging
terminals, big communities or PEV parking garages with a large amount of PEVs charging
uncontrolled may cause the DC subsystem voltage to drop and AC subsystem frequency
variations. Therefore, the PEVs charging impact to the utility grid transmission and
distribution systems must be limited.
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2.4. Vehicle-to-Grid Technology
As mentioned in Chapter 1, if smartly regulated, the PEVs can serve as distributed
energy storage devices when they are parked in the garage or community for a long
period of time. V2G services can help the local grid relieve the peak demand and
maintain the real-time balancing of power.
2.4.1.

Vehicle to grid services

V2G is the most essential technology for PEV adoption in future hybrid AC-DC
power systems. PEVs can be viewed as distributed energy storage and can act as both
controllable loads and energy sources with V2G. There are several ways in which the
energy stored in PEVs can be used including: peak shaving, local load smoothing, backup
power supply, smoothing output of intermittent generation, and ancillary services such as
voltage regulation, frequency regulation, etc. Considering the fact the PEVs are utilized
on average for less than 5% of the day, being compensated for the rest of time while
being charged gives a considerable benefit and motivation for PEV owners to enroll their
PEVs in V2G services.
There are several benefits to using PEVs as distributed energy storage in hybrid
AC-DC power systems. For example, PEVs are typically located near local load and
distributed energy generation, where they can conveniently be integrated into load and
generation management systems. This gives the hybrid AC-DC power system the ability
make the energy management decisions locally without needing to confer with the rest of
the systems or other remote loads and resources. The PEVs and distributed generations
are right there with the local load, and these components together can be controlled to
meet local objectives, avoiding the need to rely on large generating units in the utility
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grid, which will greatly limit the PEVs charging impacts. Furthermore, some power and
energy services are better served locally, making them a perfect fit for PEV V2G services.
For instance, voltage control through voltage amplitude regulation support is best
supplied locally, and PEVs together with their chargers can offer local reactive power
compensation. Although real power can be supplied remotely, utility grid transmission
and distribution losses may be as high as 7-10%. Depending on the energy consumption
and time of day, using PEVs can effectively decrease congestion on transmission lines
and provide transmission loading relief. All these factors offer utility grids the
opportunity to defer capital investment in generation and transmission upgrades while
increasing the asset utilization.
2.4.2.

Vehicle to grid challenges

Although hybrid AC-DC power systems with V2G services will have many
benefits, there are still some obstacles that might delay their implementation and
development in short term. The present major challenges to the V2G services are:


How to design an effective and reliable two-way communication for the
power flow management of the PEVs in the hybrid power system. To keep the
hybrid power system stable and balanced, the system should have a central
aggregator that can forecast and monitor the states of all the components and
smartly dispatch the load.



How to design high efficiency power electronic converters that can transfer
energy between the PEVs and the utility with minimum loss.



How to limit PEV charging impacts to the utility grid. To effectively fulfill the
V2G services, a large number of PEVs are needed to be involved. However,
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for high penetration of PEVs, level 2 and 3 charging can quickly overload
local distribution equipment, increase distribution transformer losses, voltage
deviations, harmonic distortion, and peak demand.


How to limit the V2G services impact to the PEV lithium-ion battery bank
which may reduce the battery life. A deeper discharge increases the cell
deterioration rate, resulting in a faster equivalent series resistance increase
[93]. At present, a lithium-ion battery investment of $300 per kWh, with a
lifetime of 3,000 cycles at an 80% discharge depth suggests a battery
degradation cost of $130 per kWh [94].



How to develop a common set of regulations, standards, and building codes
that would be applied to widespread use of V2G services.

2.4.3.

Vehicle to grid future market

Even though there are some challenges facing V2G services, the global V2G
market still has broad development prospects. A new edition of Zpryme’s Smart Grid
Insights (sponsored by ZigBee Alliance), features the V2G future market [95]. This 73page report is based on extensive research on market data and forecasting models in the
automotive and utility sectors, as well as government targets and programs. The report
estimates that by 2020 there will be over one million V2G vehicles on the road, with an
estimated market value of $26.6 billion. In addition, they forecast a $6.7 billion
infrastructure market, and a $10.5 billion technology market, for a total market of $43.8
billion. That large a market is going to create a lot of jobs. The US portion of the market
is estimated at $12.7 billion. Annual revenue are expected to be $2.9 billion. Therefore,
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future PEV V2G services have immense potentials and more research in this area is
needed.

2.5. Vehicle-to-vehicle Technology
Vehicle to vehicle (V2V) services allows PEVs to transfer energy with each other
by bidirectional charging through a local grid such as a community hybrid power system
or a PEV parking garage.
2.5.1.

Vehicle to vehicle services

When a number of PEVs are parked in a car park, the car park power system
becomes a suitable micro grid for V2V operation. By using the V2V function, power
reserves can be kept within the PEV car park, which can greatly reduce the power loss
and trading loss between the local hybrid power system and the power grid. All these
PEVs can interact with each other through the central aggregator. Specifically, the central
aggregator is a control device which is able to collect all information about the PEVs and
hybrid power system status, and execute the V2V function. Namely, the aggregator is
responsible for coordinated control of grouping PEVs for charging and/or discharging.
Thus, the PEVs in the car park can first distribute the energy amongst themselves and
then interact with the grid for the overall energy request. Because of this, V2V can
cooperated with renewable energy sources for the hybrid power system operation.
Meanwhile, V2V can improve the development of the future smart grids.
2.5.2.

Vehicle to vehicle challenges

Like V2G, there are still several challenges that V2V needs to overcome. The
most critical issue is how to make a reliable V2V that will greatly reduce charging cost
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without influencing the driving behavior of PEV owners. The PEV drivers should be put
at the highest priority level, because the drivers are unlikely to enroll their PEVs in V2V
services if their PEV’s SOC is low at their next departure time. Therefore, there should
be a method for setting or estimating their next departure time. Further, to reduce the
charging cost through V2V, the forecasting technology should precisely estimate the next
period’s output power of renewable energy sources, the local load and the energy market
price. The car park or community hybrid power system will require accurate estimates of
energy generation and consumption patterns for the next few hours to smartly distribute
the energy among the PEVs.

2.6. Summary
Hybrid AC-DC power systems that can be operated with multiple energy sources
in both grid-connected and islanding modes are going to be one of the main architectures
of future power systems. Hybrid AC-DC power systems integrating with renewable
energy sources and PEVs will be an effective solution for reduction of whole system loss
and greenhouse emissions. But there are still some challenges for hybrid AC-DC power
system operation, especially the systems operated in islanding mode with a high
penetration of renewable energy sources and PEVs. Despite the challenges, with smart
control of the charging process, PEV charging impacts can be greatly limited. Further,
with the correct fulfillment of V2G and V2V functions, PEVs can play the role of mobile
energy storage devices that can support the utility grid with some ancillary services. In
this chapter, the introduction of hybrid AC-DC power system architecture is given.
Together with this, the operations of hybrid AC-DC power system grid-connected and
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islanding modes are described with the challenges and system communication
requirements. After that, the PEV charging impacts to utility grid are analyzed. To limit
those impacts, two possible solutions, V2G and V2V, are given with the description of
present challenges and future markets.
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3. Integration of Renewable Energy Sources into Hybrid Power Systems

3.1. Introduction
Integration of renewable energy into hybrid power systems is becoming popular
for modern power generation applications due to the advances in renewable energy
technologies as well as the rise in prices of petroleum products. There is no shortage of
renewable energy because it can be taken from the sun, wind, water, plants, and garbage
to produce electricity and fuels. The combination of two or more renewable energy
sources together with traditional fossil energy generation are commonly used to supply
reliable energy to the power system to increase the system overall efficiency as well as
balance the energy supply.
A good example of a hybrid energy system is a photovoltaic array coupled with a
wind turbine. This would create more output from the wind turbine during the winter and
night time, whereas during the summer and day time, the solar panels would produce
their peak output. Hybrid energy systems often yield greater economic and environmental
returns than wind, solar, geothermal or stand-alone systems by themselves [96].
To maximize the utilization of power generated from renewable energy resources
in a hybrid power system, power electronics devices together with some control strategies
are needed. For PV systems, maximum power point tracking (MPPT) is a technique that
grid connected inverters, solar battery chargers, and similar devices use to get the
maximum possible power from one or more photovoltaic devices, typically solar panels,
though optical power transmission systems can benefit from similar technology. Solar
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cells have a complex relationship between solar irradiation, temperature, and total
resistance that produces a non-linear output efficiency which can be analyzed based on
the I-V curve. It is the purpose of the MPPT system to sample the output of the cells and
apply the proper resistance (load) to obtain maximum power for any given environmental
conditions. MPPT devices are typically integrated into an electric power converter system
that provides voltage or current conversion, filtering, and regulation for driving various
loads, including power grids, batteries, or motors [97].
For wind generation systems, the effective power extracted from wind is derived
from the airflow speed just reaching the turbine and the velocity just leaving it. Only part
of the full energy available from the wind can be extracted for energy generation,
quantified by the power coefficient, Cp. The power coefficient is the relationship of the
power extraction possible to the total amount of power contained in the wind. Because of
the variation in wind speed, the power generated from a wind turbine may not have a
constant frequency and therefore can’t be directly injected to the utility grid.
Consequently, power electronics devices like back-to-back converters are utilized. Also,
to extract the maximum power from the wind energy, turbine blades should change their
speed as the wind speed changes.
This chapter presents an overview of the integration of solar and wind energy
sources into hybrid power systems by using a DC-DC converter and back-to-back
converter. This chapter is organized as follows. The analysis of characteristics of solar
and wind energy sources is introduced in section 3.2. Solar energy harvesting from a PV
panel by using a DC-DC boost converter with maximum power point tracking, together
with the detailed simulation models and hardware descriptions of PV panels and DC-DC
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boost converters are given in section 3.3. In section 3.4, a wind energy harvesting
example with the basic doubly-fed induction wind turbine generator and back-to-back
converter is presented. Renewable energy sources impact to a hybrid power system is
presented in section 3.5. Finally, a conclusion is given in Section 3.6

3.2. Renewable Energy Sources Characteristics Analysis
3.2.1.

South Florida solar energy source analysis

Solar energy, radiant light and heat from the sun, has been harnessed by humans
since ancient times using a range of ever-evolving technologies. Solar radiation, together
with secondary solar-powered resources such as solar heating, solar photovoltaics, solar
thermal energy, solar architecture and artificial photosynthesis account for most of the
available renewable energy on earth. It is an important source of renewable energy and its
technologies are broadly characterized as either passive solar or active solar depending on
the way they capture and distribute solar energy or convert it into solar power. Active
solar techniques include the use of photovoltaic systems, concentrated solar power, and
solar water heating to harness the energy. Passive solar techniques include orienting a
building to the Sun, selecting materials with favorable thermal mass or light dispersing
properties, and designing spaces that naturally circulate air [98]. Only a minuscule
fraction of the available solar energy is used. The development of affordable,
inexhaustible and clean solar energy technologies will have huge longer-term benefits. It
will increase countries’ energy security through reliance on an indigenous, inexhaustible
and mostly import-independent resource, enhance sustainability, reduce pollution, lower
the costs of mitigating global warming, and keep fossil fuel prices lower than otherwise.
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Figure 3.1 U.S. annual solar irradiance map
It doesn't take much imagination to see great opportunities for solar energy in the
United States of America. The U.S. and Florida state annual average solar resources in
kWh/m2 per day in 2007 are shown in figure 3.1. Even in the 1930s, most new homes
built in South Florida came equipped with their own solar water heaters. A 2004 study of
small residential solar arrays by the Florida Solar Energy Center found that Florida has
85 percent of the maximum solar energy potential of any place in the country, at 6.5
kilowatt-hours per day.
Florida Power & Light (FPL), a subsidiary of NextEra Energy Resources, Inc.,
launched 3 solar power plants in 2009 and 2010, making Florida the second largest
supplier of utility-scale solar power in the country. In their lifetimes, these plants will
prevent the emission of more than 3.5 million tons of greenhouse gases, equivalent to
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removing 25,000 cars from our roads each year. The Martin Next Generation Solar Plant,
near Indiantown, Florida, is the first hybrid solar plant in the world. It’s connected to a
conventional power plant and directly offsets the burning of fossil fuels. The Martin plant
is expected to cut Florida’s oil consumption by 600,000 barrels, and save customers $178
million in fuel costs over its lifetime [99].
3.2.2.

South Florida wind energy source analysis

Wind energy is extracted from air flow using wind turbines to produce
mechanical or electrical power. Wind power is the conversion of wind energy into a
useful form of energy, such as using wind turbines to make electricity, wind mills for

Figure 3.2 U.S. annual aver wind speed at 80m
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mechanical power, wind pumps for pumping water or drainage, and sails to propel ships.
Wind energy as an alternative to fossil fuels is plentiful, renewable, widely distributed,
clean, produces no greenhouse gas emissions during operation, and uses little land. The
effects on the environment are generally less problematic than those from other power
sources.
Large wind farms consist of hundreds of individual wind turbines which are
connected to the electric power transmission network; smaller facilities are used to
provide electricity to isolated locations. Utility companies increasingly buy back surplus
electricity produced by small domestic turbines.
Maps of the U.S. and Florida state annual wind potential capacity at 80-m are

Figure 3.3 Florida annual average wind speed at 80 m
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shown in figure 3.2 and figure 3.3, respectively. The wind resource map shows the
predicted mean annual wind speeds at an 80-m height, presented at a spatial resolution of
about 2 kilometers that is interpolated to a finer scale for display. Areas with annual
average wind speeds around 6.5 meters per second and greater at 80-m height are
generally considered to have a resource suitable for wind development. Utility-scale,
land-based wind turbines are typically installed between 80- and 100-m high, although
tower heights for new installations are increasing—up to 140 m—to gain access to better
wind resources higher aloft [100].

3.3. DC-DC Boost Converter with Maximum Power Point Tracking Ability for
Solar Energy Harvesting
3.3.1.

Photovoltaic panel MATLAB modeling

For PV panels, the relation between output voltage and current is non-linear.
Therefore, the terminal voltage of a PV panel is dependent on the amount of its output
power. Also, the output power of a PV panel is dependent on solar irradiation and
ambient temperature. On the other hand, a constant voltage level is needed for a DC bus
connected to PV arrays. This imposes an imperative necessity of having a power
conditioning unit as an interface between the PV panels and the DC bus connected to
them. Figure 3.4 shows the electric characteristics of the PV panels. Fluctuations in the
output current (ΔI) will generate fluctuations in the output voltage (ΔV), which may lead
to fluctuations in the output power (ΔP). The figure indicates that any power fluctuations
around the MPP will decrease the average power coming from the PV array.
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Figure 3.4 Electric characteristics of the PV panels
The PV panel can be viewed as a current source in parallel with a diode. Figure
3.5 shows the equivalent circuit of a PV panel with a load. Therefore, a Matlab model of
a SunPower SPR-305-WHT solar cell with a 305W maximum output power PV panel is
made based on the equivalent circuit. Figure 3.6 shows the non-linear P-V and I-V
electric characteristics of a single SunPower SPR-305-WHT solar cell.

Figure 3.5 Equivalent circuit of a PV panel with a load
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Figure 3.6 SunPower SPR-305-WHT solar cell P-V and I-V electric characteristics
3.3.2.

DC-DC boost converter MATLAB modeling

A DC-DC boost converter is one of the most commonly used techniques to
regulate the output power and voltage of a PV panel and inject the energy into the DC

Figure 3.7 Grid connected PV farm system configuration.
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side of the hybrid power system. Usually the DC side of the hybrid power system is
connected to the AC subsystem through a bidirectional AC-DC inverter. In this way, the
power generated from the PV can be injected to the utility grid. The grid connected PV
farm system configuration is shown in figure 3.7.
With proper design and control, a DC-DC converter can effectively regulate
output voltage even under input voltage and output current variations. But these
variations have a range which depends on the design and control of the converter and the
load conditions on the DC bus. The DC-DC boost converter circuit topology is shown in
figure 3.8. The high voltage side of the DC-DC converter has a capacitive Cd interface to
the DC bus. This capacitor has the function of regulating the output voltage and current.
The key principle that drives the boost converter is the tendency of an inductor to
resist changes in current by creating and destroying a magnetic field. In a boost converter,
the output voltage is always higher than the input voltage. The schematic of a boost
power stage is shown in figure 3.9 (a) and (b). When the switch is closed, current flows

Figure 3.8 DC-DC boost converter circuit topology
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through the inductor in a clockwise direction and the inductor stores some energy by
generating a magnetic field. Polarity of the left side of the inductor is positive. When the
switch is opened, current will be reduced as the impedance is higher. The magnetic field
previously created will be destroyed to maintain the current flow towards the load. Thus
the polarity will be reversed (meaning the left side of inductor will be negative now). As
a result, two sources will be in series causing a higher voltage to charge the capacitor
through the diode D.
For general purpose, this chapter only discusses the DC-DC converter working in
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Figure 3.9 Circuit configuration during different states of the power electronic switch: (a)
During On state (0<t<DT), (b) During OFF state (DT<t<T).
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continuous mode. When a boost converter operates in continuous mode, the current
through the inductor IL never falls to zero. In the case of an ideal converter operating in
steady conditions, the output voltage can be calculated as follows:
During the On-state, the switch S is closed, which makes the input voltage Vi
appear across the inductor, which causes a change in current IL flowing through the
inductor during a time period t by the formula:
I L Vi

L
t

(3.1)

At the end of the On-state, the increase of IL is therefore:

I LOn 

1
L

DT

 V dt 
i

0

DT
Vi
L

(3.2)

where D is the duty cycle. It represents the fraction of the commutation period T during
which the switch is on. Therefore D ranges between 0 and 1.
During the Off-state, the switch S is open, so the inductor current flows through
the load. If we consider zero voltage drop in the diode, and a capacitor large enough for
its voltage to remain constant, the evolution of IL is:
Vi  Vo  L

dI L
dt

(3.3)

Therefore, the variation of IL during the Off-period is:
T

I LOff 

(Vi  Vo )
(V  Vo )(1  D )T
dt  i
L
L
DT



(3.4)

As we consider that the converter operates in steady-state conditions, the amount
of energy stored in each of its components has to be the same at the beginning and end of
a commutation cycle. In particular, the energy stored in the inductor is given by:
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E
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(3.5)

So, the inductor current has to be the same at the start and end of the commutation
cycle. This means the overall change in the current (the sum of the changes) is zero:
I LOn  I LOff  0

(3.6)

Substituting ΔILon and ΔILoff by their expressions yields:
I LOn  I LOff 

ViDT (Vi  Vo)(1  D )T

0
L
L

(3.7)

This can be written as:
Vo
1

Vi 1  D

(3.8)

Which in turn reveals the duty cycle to be:
D 1

Vi
Vo

(3.9)

The above expression shows that the output voltage is always higher than the
input voltage. This is why this converter is sometimes referred to as a step-up converter.
3.3.3.

Photovoltaic panel maximum power point tracking

To improve the PV system performance and increase the efficiency, the DC-DC
converter connected between the PV system and DC bus should have the maximum
power point tracking (MPPT) function. There are several proposed PV system MPPT
methods [101]-[103]. The popular MPPT algorithms can be classified into two main
categories: direct and indirect methods. Indirect methods use either a database containing
the parameters and data that show the characteristics of the PV panel at certain
environmental conditions, or some mathematical functions achieved by the experience of
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the estimation of the maximum power point. Direct methods find the maximum power
point based on the PV output voltage and current together with the relationship of the
changes in them to the changing of the output power.
The indirect methods include “look-up table method”, “open circuit voltage
method”, “short-circuit method”, “curve-fitting method”, “open-circuit voltage
photovoltaic test cell method”, and more. The indirect methods have the advantage that it
doesn’t need to measure voltage or current in real time operation, therefore the converter
working with indirect methods are usually simple with no feedback loop and the cost is
relatively low. But the drawback for indirect methods is that in most cases a prior
evaluation of the PV panel is required, and it’s not easy to reach the precise maximum
power point in most of these situations.

Figure 3.10 Perturbation and observe MPPT operating point path.
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The direct methods include “differentiation method”, “artificial intelligence
method”, and “P&O method”. The direct methods do not rely on prior experience, which
means the variance of the environmental variables won’t influence the performance.
However, the feedback loop is needed for the direct methods, which will increase the
boost converter complexity and cost.
In this study, the perturbation and observe (P&O) method is used to track the
maximum power point. The P&O operating point path for maximum power point
tracking is shown in figure 3.10. The algorithm utilizes the PV farm output current and
voltage to calculate the power. The values of the voltage and power at the kth iteration
(Pk) are stored, then the same values are measured and calculated for the (k+1)th iteration

Figure 3.11 Flow chart of P&O MPPT method
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(Pk+1). The power difference between the two iterations (ΔP) is calculated. The converter
should increase the PV panel output voltage if ΔP is positive and decrease the output
voltage if ΔP is negative, which finally will adjust the duty cycle. The PV panel reaches
the maximum power point when ΔP is approximately zero. The flow chart of the P&O
MPPT algorithm is given in figure 3.11.
3.3.4.

Photovoltaic panel emulator design

Installation of a PV system requires an accurate design and evaluation test for the
performance of its modules before using it in a system. This could be fulfilled with high
accuracy in the laboratory without using commercial PV modules by using a PV
emulator. The PV emulator introduces a suitable tool which easily permits emulating PV
system components with different parameters, teaching its characteristics, and training
researchers in this field.
In this work, a 6 kW programmable PV emulator is designed that has the
capability of emulating commercial PV modules with different parameters and under
different environmental conditions (irradiance or temperature change), as well as
constructing a PV array based on a desired number of series and parallel modules. The
PV emulator is implemented using a real-time algorithm representing the PV array
mathematical model and generating the reference output power from a programmable DC
power supply. The PV model is simulated in MATLAB and interfaced to the real world
through dSpace using an evolution graphic user interface (GUI). This laboratory PV
emulator is tested with real-time execution of PV models for the steady state and dynamic
operating conditions. The block diagram representation of the proposed PV emulator is
shown in figure 3.12. It essentially consists of a programmable DC power supply
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(Programmable Magna Power Supply XR series), Matlab/Simulink package, dSpace1104
with control desk software installed on personal computer (PC), and resistive load with
different values. The detailed hardware experimental results of the PV emulator will be
given in Chapter 8 section 8.51.

Figure 3.12 Block diagram for the proposed PV Emulator

Figure 3.13 DC-DC boost converter hardware
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3.3.5.

DC-DC boost converter hardware design

A PCB based DC-DC boost converter is designed for the laboratory scaled PV
emulator. The DC-DC boost converter hardware is shown in figure 3.13. It contains a
SK45GB063 IGBT module, and the power rating is 3kW. The capacity of the capacitor
on the high voltage side is 3600uF, and the inductance of the coupled inductor is 3mH.
This DC-DC converter is operated with a 5 kHz switching frequency. The performance
results will be given in Chapter 8 Section 8.3.

3.4. Power conversion topologies with wind turbines
The power extracted from wind is derived from the airflow speed reaching the
wind turbine and the speed leaving from it. Only part of the full energy can be captured
from the wind for energy generation, quantified by the power coefficient Cp, which is the
relationship between the possible power extractions to the total of the wind power.
With different wind speeds, the wind energy conversion system should be
operated in different states. If the wind speed is below the cut-in wind speed or above the
cut-out wind speed, the wind turbine works in the no load state. When the wind turbines
are in the full load state, the output power must be regulated at rated power by changing
the pitch angle. To maximize the output power, the tip speed ratio needs to be controlled.
As the rotor speed must change according to the wind intensity, the speed control of the
turbine has to command low speed at low winds and high speed at high winds, so as to
follow the maximum power operating point as indicated in figure. 3.14. It is observed
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that the maximum power output occurs at different generator speeds for different wind
velocities.
Wind turbines use a doubly-fed induction generator (DFIG) consisting of a wound
rotor induction generator and “back-to-back” IGBT-based PWM converters. The stator
winding is connected directly to the 60 Hz grid while the rotor is fed at variable
frequency through the back-to-back converter. The optimum turbine speed producing
maximum mechanical energy for a given wind speed is proportional to the wind speed.
The basic block diagram of DFIG with converters is shown in figure 3.15, where
Vr is the rotor voltage and Vgc is grid side voltage. The back-to-back converter is basically
a PWM converter which uses sinusoidal PWM technique to reduce the harmonics present
in the wind turbine driven DFIG system. Here, Crotor is the rotor side converter and Cgrid

Figure 3.14 Wind turbine rotation versus power characteristic at different wind speed.
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is the grid side converter. To control the speed of the wind turbine, gear boxes or
electronic control can be used.

Figure 3.15 Basic diagram of doubly fed induction generator with back-to-back converter
The stator is directly connected to the AC mains, while the wound rotor is fed
from the Power Electronics Converter via slip rings to allow the DFIG to operate at a
variety of speeds in response to changing wind speed. Indeed, the basic concept is to
interpose a frequency converter between the variable frequency induction generator and
fixed frequency grid. The DC capacitor linking stator- and rotor-side converters allows
the storage of power from the induction generator for further generation. To achieve full
control of grid current, the DC-link voltage must be boosted to a level higher than the
amplitude of grid line-to-line voltage. The wind-side converter controls the active power
through MPPT, while the grid-side converter controls the DC voltage and reactive power
to the grid.
The first power conversion stage has to be controlled to maximize the energy
extracted from the wind turbine. The open loop MPPT is mostly used in commercial
power converters, but a closed loop algorithm can also be adopted when the turbine
characteristics are unknown. For every wind speed, there is a particular turbine speed that
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corresponds to the maximum power conversion (optimal tip speed ratio). A wind
converter must control the turbine rotational speed in order to follow the optimal tip
speed ratio when the wind speed changes, therefore the MPPT algorithm must be
implemented. With the knowledge of the turbine characteristics and the wind speed (that
can be obtained with an anemometer on the turbine nacelle), a speed-controlled generator
can harvest the maximum power from the wind. Also, to extract the maximum power
from the wind energy, turbine blades should change their speed as the wind speed
changes.
The slip power can flow in both directions, i.e. to the rotor from the supply and
from supply to the rotor and hence the speed of the machine can be controlled from either
the rotor or stator side converter in both super and sub-synchronous speed ranges.

3.5. Renewable energy sources impact to hybrid power systems
Large scale wind and solar generation will affect the physical operation of the
grid. The variability of wind and solar regimes across resource areas, the lack of
correlation between wind and solar generation volatility and load volatility, and the size
and location of the wind plants relative to the system in most US states suggests that
impacts on regulation and load profile requirements resource smoothing will be large at
above 20% penetration levels.
The largest barrier to renewable integration in the USA is sufficient transmission
facilities, associated cost-allocation in the region to access the renewable resources, and
connecting these resources to load centers. Other key barriers include environmental
pressure, technical interconnection issues such as forecasting, dispatch ability, low
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capacity factors, and intermittency impacts on the regulation services of renewable
resources. With the integration of wind and solar generation the output of fossil fuelplants needs to be adjusted frequently to cope with fluctuations in output. Some power
stations will be operated below their maximum output to facilitate this, and extra system
balancing reserves will be needed. Efficiency may be reduced as a result with an adverse
effect on emissions. At high penetrations (above 20%), wind and solar energy may need
to be 'spilled' or curtailed because the grid cannot always utilize the excess energy. The
impacts of renewable energy sources to the utility grid can be summarized as follows:


Impacts of Renewable Energy: wind and solar generation both experience
intermittency, a combination of non-controllable variability and partial
unpredictability, and depend on resources that are location-dependent.



Non-controllable variability: wind and solar output varies in a way that
generation operators cannot control, because wind speeds and available
sunlight may vary from moment to moment, affecting moment-to moment
power output. This fluctuation in power output results in the need for
additional energy to balance supply and demand on the grid on an
instantaneous basis, as well as ancillary services such as frequency regulation
and voltage support.



Partial unpredictability: the availability of wind and sunlight is partially
unpredictable. A wind turbine may only produce electricity when the wind is
blowing, and solar PV systems require the presence of sunlight in order to
operate. Actual wind power can differ from forecasts, even when multiple
forecast scenarios are considered. Unpredictability can be managed through
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improved weather and generation forecasting technologies, the maintenance
of reserves that stand ready to provide additional power when renewable
energy generation produces less energy than predicted, and the availability of
dispatchable load to “soak up” excess power when renewable energy
generation produces more energy than predicted.


Location dependence: the best wind and solar resources are based in specific
locations and, unlike coal, gas, oil or uranium, cannot be transported to a
generation site that is grid optimal. Generation must be co-located with the
resource itself, and often these locations are far from the places where the
power will ultimately be used. New transmission capacity is often required to
connect wind and solar resources to the rest of the grid. Transmission costs are
especially important for offshore wind resources, and such lines often
necessitate the use of special technologies not found in land-based
transmission lines.

Therefore, to accelerate the development of future hybrid AC-DC power systems
with high penetration of renewable energy sources, more research is needed in the
following areas:


New and in-depth focus on system planning. Steady-state and dynamic
considerations are crucial.



Accurate resource and load forecasting becomes highly valuable and
important.

76



Voltage support. Managing reactive power compensation is critical to grid
stability. This also includes dynamic reactive power requirements of
intermittent resources.



Evolving operating and power balancing requirements. Sensitivity to existing
generator ramp rates to balance large scale wind and solar generation,
providing regulation and minimizing start stop operations for load following
generators.



Increased requirements on ancillary services. Faster ramp rates and a larger
percentage of regulation services will be required which can be supplied by
responsive storage facilities.



Equipment selection. Variable Speed Generation (VSG) turbines and
advanced solar inverters have the added advantage of independent regulation
of active and reactive power. This technology is essential for large-scale
renewable generation.



Strong interconnections. Several large energy pump-storage plants are
available in Switzerland that are used for balancing power. Larger regional
control areas make this possible.

3.6. Conclusion
In this chapter, we begin by analyzing the U.S and Florida State wind and solar
energy characteristics. After that, the methods of harvesting solar energy from PV panels
in hybrid power systems through DC-DC boost converters and MPPT technology is
presented. In addition, the methodology of designing a library scaled PV emulator and
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DC-DC boost converter hardware is given. Also, the basic description of power
conversion topologies of wind turbines is given with the information of how to maximize
the output power from wind turbine power generation systems. Based on the above
information, the renewable energy sources impact to the hybrid power system and how to
overcome those challenges are described in detail.
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4. Optimal Renewable Energy Farm and Energy Storage Sizing Methodology for
Future Hybrid Power System

4.1. Introduction
Fossil fuels as energy resources are becoming scarce and have already led to
worldwide issues at the environmental, industrial, economic, and societal levels. This has
generated an increased interest in clean energy throughout the globe. Power generation
based on renewable energy sources, such as solar and wind, will play an increasingly
important role in energy production as our energy reserves diminish [104], [105]. The
U.S government has set itself the goal that by the fiscal year 2020, 20 percent of the total
amount of electric energy consumed by each agency during any fiscal year thereafter
shall be renewable energy [106].
Due to the large variances of solar irradiance and wind speed, the power
generated from a renewable farm consisting of PV and wind turbines is considered
intermittent [107]. Therefore, without properly planning the scale of the renewable
energy farm, the utility grid may be badly influenced by the power generated by the
renewable energy farm in the local micro grid (MG). This problem can be solved by
utilizing energy storage devices such as batteries and ultra-capacitors together with an
energy management algorithm as well as high accuracy weather and load forecasting
techniques [108]. A carefully designed hybrid power system with reasonable sizing of the
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renewable energy farm and energy storage system can greatly improve the power system
performance and reduce the total cost.
Various optimal sizing methods for renewable energy farms and their
accompanying energy storage systems have been proposed. The optimization process can
be classified into single objective and multi-objective methods. In [34], a renewable
energy farm sizing optimization method together with the economic analysis is proposed
for a 50,000 plug-in electric vehicles network energy requirement. However, the process
that limits the renewable energy farm’s power fluctuation impact to the utility grid is not
analyzed. In [109], a method based on the cost benefit analysis for optimal sizing of an
energy storage system in a MG is proposed, but the appropriate sizing of the renewable
energy farm is not given. In addition, the energy storage system only included the use of
batteries, which may fail in high power fluctuation situations. In [110], an optimal sizing
method for a wind-solar-battery hybrid power system is proposed for both stand-alone
and grid-connected modes, however, the ultra-capacitor is not considered.
This chapter proposes a novel optimization method for sizing a renewable energy
farm consisting of batteries and ultra-capacitors in a hybrid power system. The
combination of ultra-capacitors with batteries is an emerging practice in advanced power
electronic systems and a superior configuration scheme is crucial to deploy them
effectively with the high penetration of renewable energy sources and critical loads in
future power systems. The proposed sizing method fully utilizes the energy generated
from the renewable energy farm and limits power fluctuation within the utility grid,
improving grid stability and reducing construction and maintenance costs. This two-step
optimization process appropriately sizes the renewable energy farm and the energy
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storage system by using a genetic algorithm (GA). Regional historical data of the solar
irradiance, wind speed, and local load profile of Key West, Florida is used to establish the
first cost function for optimizing the combination of PV and wind power based on the
entire year’s daily energy difference between the renewable energy farm and twenty
percent of the local load. With the optimized renewable energy farm size, a second cost
function is designed to get the optimal combination of battery and ultra-capacitor sizes to
lessen the impact caused by the renewable energy farm. A case study of a hybrid power
system located in Key West, Florida is presented to verify the advantages of the proposed
optimal sizing method.
This chapter is organized as follows. The description of modern energy storage
systems is given in section 4.2. The system’s overall description along with the models of
the PV, wind turbine, battery, and ultra-capacitor is introduced in section 4.3. The
renewable energy farm optimal sizing methodology is presented in Section 4.4. In
Section 4.5, the power filter design for power gaps dispatch is described. The energy
storage system optimization and a case study of the power system in Key West, U.S.A is
presented in Section 4.6 to verify the performance of the optimization method proposed
in this chapter. Finally, a conclusion is given in Section 4.7.

4.2. Modern Energy Storages Classification
4.2.1.

Battery

An electric battery is a device consisting of one or more electrochemical cells that
convert stored chemical energy into electrical energy. Each cell contains a positive
terminal, or cathode, and a negative terminal, or anode. Electrolytes allow ions to move
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between the electrodes and terminals, which allows current to flow out of the battery to
perform work. Rechargeable batteries can be discharged and recharged multiple times
and the original composition of the electrodes can be restored through reverse current.
Rechargeable batteries are used for automobile starters, portable consumer
devices, light vehicles (such as motorized wheelchairs, golf carts, electric bicycles, and
electric forklifts), tools, and uninterruptible power supplies.
Grid energy storage applications use rechargeable batteries for load leveling,
where they store electric energy for use during peak load periods, and for renewable
energy uses, such as storing power generated from photovoltaic arrays during the day to
be used at night. By charging batteries during periods of low demand and injecting
energy to the grid during periods of high electrical demand, load-leveling helps eliminate
the need for expensive peaking power plants and helps reduce the cost of generator
operations.
Current Li-Ion batteries offer an energy density of about 160 Wh/kg.
4.2.2.

Fuel cell

A fuel cell is a device that converts the chemical energy from fuel into electricity
through a chemical reaction with oxygen or another oxidizing agent. Hydrogen produced
from the steam methane reforming of natural gas is the most common fuel but for greater
efficiency, hydrocarbons such as natural gas and alcohols like methanol can be used. Fuel
cells are different from batteries in that they require a continuous source of fuel and
oxygen/air to sustain the chemical reaction whereas in a battery the chemicals present in
the battery react with each other to generate an electromotive force. Fuel cells can
produce electricity continuously for as long as these inputs are supplied.
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Stationary fuel cells are used for commercial, industrial and residential primary
and backup power generation. Since fuel cell electrolyzing systems do not store fuel
themselves, but rather rely on external storage units, they can be successfully applied in
large-scale energy storage, such as rural areas. Combined heat and power fuel cell
systems are used to generate both electricity and heat for homes, office buildings and
factories. The system generates constant electric power (selling excess power back to the
grid when it is not consumed), and at the same time produces hot air and water from the
waste heat.
Fuel Cells offer energy densities of about 2500 Wh/kg.
4.2.3.

Ultra-capacitor

An ultra-capacitor is a high-capacity electrochemical capacitor with capacitance
values up to 10,000 Farads at 1.2 Volts that bridges the gap between electrolytic
capacitors and rechargeable batteries. They typically store 10 to 100 times more energy
per unit volume or mass than electrolytic capacitors, can accept and deliver charge much
faster than batteries, and tolerate many more charge and discharge cycles than
rechargeable batteries. They are, however, 10 times larger than conventional batteries for
a given charge.
Ultra-capacitors are used in applications requiring many rapid charge/discharge
cycles rather than long term compact energy storage. They are utilized within cars, buses,
trains, cranes and elevators, where they are used for recovering energy from braking,
short-term energy storage or burst-mode power delivery.
Ultra-capacitors can stabilize voltage for power lines. Wind and photovoltaic
systems exhibit fluctuating loads evoked by clouds that ultra-capacitors can buffer within
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milliseconds. This helps stabilize grid voltage and frequency, balance supply and demand
of power and manage real or reactive power.
Current ultra-capacitors offer energy density reaching 15 Wh/kg.
4.2.4.

Flywheel

A flywheel is a rotating mechanical device that is used to store rotational energy.
Flywheels have a significant moment of inertia and thus resist changes in rotational
speed. The amount of energy stored in a flywheel is proportional to the square of its
rotational speed. Energy is transferred to a flywheel by applying torque to it, thereby
increasing its rotational speed, and hence its stored energy. Conversely, a flywheel
releases stored energy by applying torque to a mechanical load, thereby decreasing the
flywheel's rotational speed.
Flywheels are often used to provide continuous energy in systems where the
energy source is not continuous. In such cases, the flywheel stores energy when torque is
applied by the energy source, and it releases stored energy when the energy source is not
applying torque to it.
A flywheel may also be used to supply intermittent pulses of energy at transfer
rates that exceed the abilities of its energy source, or when such pulses would disrupt the
energy supply, such as in a public electric network. This is achieved by accumulating
stored energy in the flywheel over a period of time, at a rate that is compatible with the
energy source, and then releasing that energy at a much higher rate over a relatively short
time.
Flywheels used in electric power backup feature energy densities of 43 Wh/kg.
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4.3. Local Load and Renewable Energy Sources Pattern Analysis
The hybrid power system considered in this study is shown in figure 4.1. The
system has loads and generators in both AC and DC sides which are linked by a
bidirectional AC-DC inverter. The system includes energy harvesting from solar
photovoltaics and a wind turbine generator farm, all of which are sized in terms of area
and number of wind turbines required to serve the load pattern in the region. Energy
storage devices such as battery banks and ultra-capacitors are connected to the DC bus
through bidirectional DC-DC converters. By properly controlling these power electronic
devices, energy can be transferred from energy storage devices to the AC and DC sides of
the hybrid power system and vice versa. In this way, the energy storage devices can serve
as an energy buffer to fill up the energy gap between the local load and the output power
of the renewable energy farm.

Figure 4.1 Overview of the proposed hybrid power system
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4.3.1.

Key West local load pattern analysis

The Key West local load pattern in the year 2005 shown in figure 4.2 is used in
this study. The daily load follows a specific pattern. Because of the small daily
temperature variations throughout the entire year, there is only one daily peak that occurs
around 12:00 PM. Also, during the night from 22:00 PM to 7:00 AM, there is a load
valley. Note that the sudden drops in the Key West load are due to a loss of information
or massive outages which were a result of the 2005 hurricane season.
Since the daily load follows the specific pattern with one peak and one valley, a
renewable energy farm system together with an energy storage system can be established
to generate and store energy to shave the load peak and fill the load valley.
4.3.2.

Key West renewable energy sources historical analysis

The Key West local solar irradiance pattern in the year 2005 shown in figure 4.3
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Figure 4.2 Key West local load patter in 2005
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Key West Solar Irradiance
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Figure 4.3 Key West local solar irradiance pattern in 2005
is used in this study. Key West is affluent of solar energy and the solar irradiance also
follows a daily pattern. Because of this, the solar energy should be utilized to support a
certain part of the local load.
The ideal power output PPVideal in kW neglecting temperature correction is:

PPVideal  SI

(4.1)

where the power of the cell is calculated by the efficiency η multiplied by the PV surface
area S in m² and the irradiance I in kW/m² shown in equation (4.1). The temperature
coefficient is set to be 0.5%/̊C [111]. The hourly Key West solar irradiance data for the
year 2005 is shown in figure 4.4.
A simple temperature correction component is made based on the temperature
coefficient:

where Tm

PPV  SI [1  0.005(Tm  25)]
(4.2)
presents the module temperature. By introducing nominal operating cell

temperature given by the panel manufacturer, an estimation of the resulting module
temperature can be formulated based on the ambient temperature [112]:
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Figure 4.4 Hourly Key West solar irradiance data, 2005

NOCT  20
)
(4.3)
0.8
represents the ambient temperature. The Key West hourly temperature data
Tm  Tamb  (

where Tamb

for the year 2005 is shown in figure 4.5. Following experimental research from NREL,
values for normal operating cell temperature (NOCT) are generally in the region of 45.3̊
C to 49.8̊ C, thus, using an average NOCT of 47.6̊ C results in following equation (4.4):

Tm  Tamb  34.5I

(4.4)

Plugging into (4.2) yields:
Ppv  SI[1  0.005(Tamb  34.5I  25)]

(4.5)
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Figure 4.5 Key West hourly temperature data, 2005
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However, during the night there is no solar energy, and for some extreme weather
like in the hurricane season, the whole area may be covered by clouds for several days.
Therefore, solar energy may fail to support sufficient sustainable energy, and for
reliability reasons, the hybrid power system shouldn’t only rely on solo renewable energy
sources. As a result, wind energy is also utilized for this case of study.
The Key West local offshore wind speed pattern in the year 2005 shown in figure
4.6 is used in this study. The average wind speed is above 10 meter per second.
Key West Offshore Wind Profile
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Figure 4.6 Key West local offshore wind speed pattern in the year 2005
The wind turbine power model used in this study provides a simple relationship of
mechanical power based on the kinetic energy of the wind. Power is represented by its
fundamental definition of a mass of air moving at a velocity v passing through the blade
coverage area A shown in equation (4.6):

Pwind 
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1
Av 3
2

(4.6)

where ρ is the air density in kg/m³ which is further modified by taking into account the
ambient air temperature Tamb. The Key West hourly wind speed data for the year 2005 is
shown in figure 4.7. To depict the variance in the air density:



P  M .W .
R (273.15  Tamb )

(4.7)

where P is the absolute pressure (1 atm), M.W. is the molecular weight of the gas
(0.02897 kg/mol), and R is the ideal gas constant at 8.2056x10-5m3.atm.K-1.mol-1. ρ is
corrected as equation (4.7):



353 P
( 273.15  Tamb )

(4.8)

Plugging into (4.6) yields:
Pwind 

176 .5 P
Av 3
( 273 .15  Tamb )

(4.9)

With the utilization of wind energy, the hybrid power system can get renewable
energy support during the night and during cloudy days when PV panels can’t provide
much power. The combination of solar and wind energy can greatly improve the
reliability of the hybrid power system.
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Figure 4.7 Key West hourly temperature data, 2005
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4.4. Renewable Energy Farm Scale Optimization
To optimize the size of the renewable energy farm to supply enough power to
support around twenty percent of the total local load, historical solar irradiance and wind
speed data is analyzed together with the daily local load pattern. The daily energy
generated by the solar panels can be calculated using equation (4.10), in which A is the
solar panel size. The NMC CHSM6612P-310W photovoltaic panel model is used in this
chapter to build the solar energy farm. The unit price is $263.50/m2 with a cost of only
$0.83/W.
E sloar  A 

t  24

t 0

Ppv (t )dt

(4.10)

For the output of the wind farm, The Nordex N29-250 kW wind turbine model is
used to determine the output power generated by the wind under different wind speed
situations. The wind turbine unit price is $140,000. The total daily energy output from the
wind farm is calculated in (4.6) where N indicates the number of wind turbines, v(t) is the
wind speed at time t and Pwind(v(t)) represents the single turbine output power at time t.
E wind  N  

t  24

t 0

4.4.1.

Pwind ( s ( t ) ) dt

(4.11)

Renewable energy farm scale optimization cost function design

To build a renewable energy farm with an energy output that matches the twenty
percent of the local load with minimum construction and maintenance cost, a cost
function regarding the size of the renewable energy farm is given in (4.12).
f1 ( A, N )   d 1 E
d 365

(d )  E
(d )  E
(d )
solar
wind
load
 (1   )( A  PVu  N  WTG )
u
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(4.12)

where  is the performance-cost weight, PVu is the solar panel unit price, and WTGu is
the wind turbine generator unit price. This cost function contains two parts; the first part
is the annual energy difference between the renewable energy farm output energy and a
certain percentage of the local load. In this study, we choose 20% of Key West's local
load. The smaller the first part of the equation is, the better the performance of the
renewable energy will be. In extreme weather conditions, the renewable energy farm's
daily energy output can perfectly match 20% of the local load which results in the first
part having a cost function of 0. However, this type of over fitting may generate a
solution with a very high cost, which may not be utilized because of the high price. As a
result, a second part is considered in the cost function. The second part represents the cost
of establishing the renewable energy farms. The smaller this part of the equation is, the
lower the cost of the whole renewable energy farm is. A performance-cost weight
variable ɑ is designed to balance the cost and the performance of the optimization
process. If ɑ is set as 1, the optimization process will generate a result with the best
performance. If ɑ is set as zero, the optimization process will generate a result with the
lowest cost but this zero value is of no practical use. The performance-cost weight can be
adjusted based on the real situation and budget.
4.4.2.

Optimization process by genetic algorithm

The best solution is based on proper values of A and N that can minimize the cost
function (4.12). In this example, ɑ is set as 0.8, which means performance is given more
weight than cost. A genetic algorithm (GA) is selected to find the best solution with the
population size set as 30, crossover rate set as 0.8, and mutation rate set as 0.02. The
optimization process is shown in figure 4.8. The initial number of PV panels A and the
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number of wind turbines N are randomly chosen. The initial result of the cost function
(4.12) is shown above as 10×107, and after around 550 iterations, the result is convergent.
The optimal result shows that the renewable energy farm should have 176,383 m2 PV
panels and 48 wind turbine generators. The optimized value is not very small when
compared with conventional optimization methods which are only concerned with the
performance. This is a direct result of the limitation of the second part of the cost
function (4.12).
Best: 3.64129e+07 Mean: 3.64248e+07
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Figure 4.8 Renewable energy farm scale genetic algorithm optimization process.
4.4.3.

Optimized results analysis

To analyze and verify the performance of the optimized result, a renewable farm
with 150,000 m2 and 55 wind turbine generators (give some general info about these
generators) is used for comparison. The daily energy difference between the unoptimized renewable energy farm output energy and the 20% of the Key West local load
based on the collected 2005 data is shown in figure 4.9 (a). It can be seen that a
renewable energy farm at this scale can’t support 20% of the local load, and the power
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difference is also a negative value with the maximum power difference of approximately
-12×106 kWh.
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Figure 4.9 Daily energy difference between the renewable energy farm output energy
and the 20% of the Key West local load: (a)without renewable energy farm scale
optimization, (b) with renewable energy farm scale optimization
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Due to the fact that the power difference is always a negative value, there is no
way to limit or smooth the power difference gap by using energy storage devices since
there is no extra energy generated from the renewable energy farm that can be stored.
What is worse, the peak to peak daily energy difference is around 10×106 kWh, which
means the difference between the renewable energy farm daily output energy and the
20% of the local load is highly anomalous with huge variations. This makes the
forecasting of the power difference very difficult. Also, the daily energy variations will
impact the whole hybrid power system and cause issues such as harmonics, pollution, and
instability.
The daily energy difference between the optimized renewable energy farm output
energy and the 20% of the Key West local load based on the recorded 2005 data is shown
in figure 4.9 (b). With the optimized renewable energy farm, the daily energy difference
between the renewable energy farm and 20% of the local load is greatly suppressed. The
daily energy difference varies from -2×105 to 3×105, which is almost one tenth of the
former case. Also, the daily energy differences are almost equally distributed with a mean
value of 0.23 kWh.
In this situation, the energy storage system is able to reduce the daily energy gap.
Also, the peak to peak daily energy difference is suppressed to around 5×105 kWh,
almost one twentieth of the former case. This will make the forecasting much easier and
improve the whole system’s performance. What’s more, the impacts on the utility grid
from the renewable energy farm can be greatly limited.
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4.5. Power Gaps Dispatch
4.5.1.

Hybrid power system stability issues with high penetration of renewable
energy sources.

From the Figure 4.10, one can observe that due to the intermittent nature of
renewable energy resources, even an optimized renewable energy farm can’t guarantee
20% of daily local load. Based on the simulated result, there is a rapid variation in the
power generated from the renewable energy farm. This generation may impact the whole
utility grid which may cause the AC side frequency and voltage amplitude to become
unstable and introduce harmonics. Therefore, energy buffers like batteries and ultracapacitors are needed as energy storage devices to smooth the power flow and limit the
impact from the renewable energy farm.
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Figure 4.10 The one year minutely power difference between the renewable
energy farm output and 20% of the local load
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Figure 4.11 Separation of low and high frequency power for battery

and ultra-capacitor support.
4.5.1.

Impact limitation with energy storage systems

In order to effectively partition the power gap to direct the proper energy to the
battery and ultra-capacitor banks, a filter needed to be designed. After achieving the
optimized renewable energy farm, the power difference between the renewable energy
farm output and obtaining twenty percent of the local load, the optimal energy storage
size can be designed. The power difference is passed through a low pass filter to separate
the base and transient loads. These two functions are partitioned where the ultra-capacitor
model is to handle 80% of the transient load profile and 20% of the base load.
Conversely, the battery is set to handle 80% of the base load and only 20% of the
transient load.
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The low pass filter design is progressed through a number of combinations to
obtain the optimum profile. Using the MATLAB Digital Signal Processing toolbox, the
filter was designed by applying frequency stop bands that correspond to a fraction of the
number of hours in a year. The generalized transfer function is:
F (s) 

1



100
k 1

(4.13)

(1  ak s )

where ɑk is related to factors of the cutoff frequency. The cutoff frequency in this case is
normalized and operated best at 45 ° per sample.
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Figure 4.12 Power difference in one day period and its high frequency and low frequency
parts.
The filter in (4.13) was applied to the input power difference waveform. The load
profile is split to designate the high frequency portion of the load profile to be placed on
the ultra-capacitors and the low frequency “base” loads to be placed on the batteries.
After optimization, it was decided to further partition the LPF and HPF portions with an
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80/20 split. An advanced 100-order energy filter was implemented under the transfer
function shown where ak is related to a cutoff frequency of 125 mHz (or 8 minutes). The
output produced 2 separate plots as shown in figure 4.11 where the original waveform is
shown in figure 4.11 (a). The output from the low pass filter is separated into the “Power
Difference for Battery (LPF)” shown in figure 4.11(b) The remaining net energy which
had not yet been compensated for was then separated into the “Power Difference for
Ultra capacitor (HPF)” shown in figure 4.11(c). Through closer inspection, one can
observe the transients in the power input/output primarily handled by the ultra-capacitor
in figure 4.11 (c) and the smoother battery waveform in figure 4.11 (b). After applying
the filter, the power difference in one day period and its high frequency and low
frequency parts are shown in figure 4.12 (a), (b) and (c).

4.6. Energy Storage System Scale Optimization
To optimize the design of an energy storage system, the mathematic model of the
energy storage system is needed. In this study, the energy storage system contains both
battery and ultra-capacitor, and for cost performance concerns, lead-acid battery is
chosen instead of lithium-ion battery.
4.6.1.

Lead acid battery charging/discharging mathematic model

For practicality, the utility energy storage array is selected to use lead-acid
batteries, as opposed to lithium-ion. Although lithium-ion batteries are more versatile and
can withstand higher discharging and charging currents, their immense cost associated
with a utility array reduces their feasibility.
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The discharging limitation is based on two major factors: empirical testing and
evaluation of 3-cell lead acid batteries and practical performance expectations. Battery
performance and evaluation testing is typically conducted under a constant current, but
for this study it is extremely unlikely to see a battery under a constant current load. A
typical load profile placed on the battery would be expected to be relatively resistive.
When forecasting runtime, a resistive load is used which follows a range of currents that
are inversely proportional to the operational voltage range. This progression results in a
discharging current that has a mild slope, shifting ±4% from the current drawn at fully
charged versus fully discharged. In the discharging model, a function of the current SOC,
is simply:

I bDC max  0.03C B [1  0.0008SoC (t )]

(4.14)

The charging model is crucial as it reveals that the constant current, or linear
transfer of energy, is only possible up to approximately 70% of the SOC. From a fully
discharged state, constant current can be sourced to charge the battery and the energy
absorbed would remain linear with respect to the available input power. However, as the
battery reaches the end of its constant current stage and enters constant voltage, this
phenomenon provides an indication that the electrolyte has begun to saturate. Once this
saturation stage has been reached, the battery will no longer be capable of accepting
energy at the same current and will continue to decrease until it has reached a fully
charged state.
I bC max 
SOC (t )
 0.03C B ,

2
4
C B [0.2722 SOC (t )  56 SOC (t )  2906]  10 SOC (t )  0.7
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(4.15)

Therefore, the battery’s maximum charging and discharging power are described
as equations (4.16), and (4.17). Where Vdc is the voltage of the DC bus shown in figure
4.1.

PbC max  Vdc  I bC max

(4.16)

PbDC max  Vdc  I bDC max

(4.17)

The battery SOC at each time step is described in equation (4.18), where Bc is the
battery capacity, Pb is the charging/discharging power, and T is the time interval.
SOC (t ) 

4.6.2.

Bc  SOC (t  1)  Pb  T
Bc

(4.18)

Ultra-capacitor model charging/discharging mathematic model

The charging/discharging process of the ultra-capacitor is expressed in equation
(4.19). If I0 is positive, the ultra-capacitor is charging. If I0 is negative, the ultra-capacitor
is discharging. The charging and discharging power limit is shown in equations (4.20)
and (4.21)
uC (t ) 

C 02
C
1
 (U C C0  U C2 k C  I 0 t )  0
2
4k C k C
2k C

(4.19)

uC2
(4.20)
4 RC 0
(U
UC )
U
(4.21)
0  PcC  PcC max  0 max 0 max
RC 0
where C0 is the initial linear capacitance, RC0 is the internal resistance of the ultra0  PcDC  PcDC max 

capacitor, and kC is a positive coefficient which represents the effects of the diffused
layer of the ultra-capacitor. U0max is the maximum voltage of the ultra-capacitor. The
ultra-capacitor capacity can be calculated based on equation (4.22).

C (uC )  C0  k C uC
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(4.22)

4.6.3.

Energy storage system scale optimization cost function design

After separating the power difference into a base component and high frequency
transient component, the second cost function based on the energy storage performance
and the construction cost is designed as equation (4.23).

d 365
f 2 (Cc , Bc )   d 1  EB
( d )  EC
( d )   (1   )(CC  PCu  C B  PBu )
penalty
penalty


(4.23)

where CB and CC are the total battery capacity and ultra-capacitor capacity, respectively.
EBpenalty and ECpenalty are the daily penalties which can be calculated from
equations (4.24) and (4.25) used to evaluate the performance of the batteries and ultracapacitors. Like ɑ, β is a performance-cost weight which can be adjusted based on real
cases.

Pb penalty

0

  Pb  PC max
 Pb  P
DC max


Pc penalty

0

  Pc  Psc max
 Pc  P
sc min


PbDC max  Pb  PbC max
Pb  PbC max
Pb  PbDC max

(4.24)

Pc DC max  Pc  PcC max
Pc  Pcc max
Pc  Pcdc min

(4.25)

where the maximum charging/discharging power of battery and ultra-capacitor can be
found from equations (4.16), (4.17), (4.20)，and (4.21). Therefore, the daily penalty for
the batteries and ultra-capacitor arrays can be calculated by equations (4.26) and (4.27),
respectively.
t  24

EB penalty 



EC penalty 



t 0
t  24

t 0
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Pb penalty (t )dt

(4.26)

Pc penalty (t )dt

(4.27)

4.6.4.

Optimization process by genetic algorithm

The best solution is based on proper values of CB and CC that can minimize the
cost function in (4.23). GA is selected to find the best solution with population size set as
20, crossover rate set as 0.83 and mutation rate set as 0.03. By using equation (4.23), the
optimized scale of the battery and ultra-capacitor is found by using GA.
Because of the high cost of batteries and ultra-capacitors, the performance-cost
weight β is set as 0.7. After around 150 iterations, the result is convergent. The optimal
result shows that the energy storage system should contain 358,030 12V lead-acid
batteries where 26 are connected in a series array to meet the DC bus voltage and 13,805
arrays are placed in parallel to meet current capacity requirements. The energy storage
system also needs a capacitor bank with the total of 191,303 ultra-capacitors connecting
in parallel.
4.6.5.

Optimized results analysis

With the optimized energy storage system, the power difference between the
renewable energy farm output power and 20% of the local load is greatly reduced
compared to the system without the optimized energy storage system. The minute power
difference between the renewable energy farm output and the twenty percent of the local
load is shown in figure 4.13. Compared with figure 4.9(b), the power gap is much smaller
when the system has the optimal scaled energy storage system. Therefore, the optimized
energy storage system can help the renewable energy farm smoothly transfer power to the
utility grid to support the local load.
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Figure 4.13 The power difference between the renewable energy farm output and
20% of the local load with optimized energy storage system.
4.7. Conclusion

In this chapter, an optimal sizing method for a renewable energy farm and energy
storage devices in a hybrid power system is proposed. A genetic algorithm is used to find
the optimal solutions for both renewable farm and energy storage devices. With the
optimized scale of solar panels and wind turbine generators, the renewable energy farm
can supply around twenty percent of the local load with less fluctuation and cost. The
energy storage system with the optimized battery and ultra-capacitor sizes has the ability
to smooth the energy flow from the renewable energy farm to the local load, which will
greatly limit the impact on the utility grid from the renewable energy farm caused by
uncertain factors such as the sudden change of solar irradiance and wind speed. A case
study of the Key West, FL power system is performed. Simulation results are presented
to validate the advantages of the proposed optimal sizing method.
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5. Development of High Accuracy Lithium-ion Battery Modeling with the
Consideration of Thermal Effect

5.1. Introduction

Batteries used as energy storage devices will play an important role in future
power systems due to the growing popularity of micro grids (MGs) [113]-[114] and plugin electric vehicles (PEVs). The performance of the MGs and PEVs strongly relies on
their battery bank management systems, which always consists of multiple cells
connected together in series and in parallel. The energy conversion efficiency of the
battery bank system is influenced by a single battery cell’s state of charge (SOC) and
temperature variations. Thermal and SOC imbalances increase the risk of catastrophic
faults in the battery bank system. The recent Boeing 787 Dreamliner’s lithium-ion battery
faults in Japan and Boston have illustrated the importance of developing reliable and
efficient battery management systems in high energy density battery systems [13]. The
specific characteristics and needs of the smart grid and EVs, such as deep
charge/discharge protection and accurate SOC and state of health (SOH) estimation,
intensify the need for a more efficient battery management system [115]-[116].
PEV’s have seen an expansive growth over the past several years and with their
growth in popularity has come the demand for more reliable and efficient battery
management systems. PEVs rely heavily on the capability of their battery management
systems to monitor and manage their SOC and temperature variations in order to increase
the capacity, reliability, and lifetime of the individual cells that make up their battery
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system. Imbalances and variations between individual cells often occur throughout the
battery banks, and these variations can range from discharge rates and internal
impedances to energy densities. Imbalances in cell temperatures and SOC can lead to
individual cells being overcharged, over discharged, and overheated. These failures can
propagate throughout the entire battery system and severely diminish the efficiency and
reliability of the system. The optimal operating environment of lithium-ion batteries
ranges from 30

to 40 , and every 10

increase in the temperature halves the life of

the battery [117].
This chapter presents a battery management system that is able to self-heal from
faults in order to avoid SOC and thermal imbalances using cell switching circuits. Both
internal and external temperatures are taken into account in the design to provide full
protection from all possible thermal imbalances. The SOC of individual cell banks in
their corresponding modules is also taken into account in order to protect from variations
in SOC within the battery system.
The proposed lithium-ion battery model introduced thermal effects into the
equivalent circuit of the lithium-ion battery model and developed a battery management
system that can truly self-heal from any variations in individual cell characteristics. A
novel fuzzy logic based battery bank management system is presented. The battery bank
management system will have self-healing capabilities to protect itself from SOC and
thermal imbalances. Furthermore, an accurate lithium-ion battery thermal model is
presented to emulate the lithium-ion battery state during the charging and discharging
process. The proposed design is validated by using MATLAB Simulink to present a
battery management system that balances the SOC and temperature of 5 battery modules
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where each module consists of a 6 x 3 configuration of lithium-ion cells connected in
series and parallel. The proposed battery bank power and thermal management system
can effectively regulate the temperature and balance the SOC’s of the cells in the battery
bank during the charging and discharging process, which will largely increase the safety
of the whole system.
The chapter is organized as follows: Section 5.2 presents advantages of lithiumion batteries and their application. Section 5.3 explains the importance of lithium-ion
battery modeling and the energy management system. Section 5.4 presents the high
accuracy equivalent circuit model, along with the detail of SOC and thermal emulations
for the lithium-ion battery. Section 5.5 discusses the fuzzy logic based battery banks
energy management system and its switching circuit topology. Section 5.6 describes the
method of real-time battery bank operation in a hybrid power system with droop control.
Finally, section 5.7 provides the conclusion and discussions on this topic.

5.2. Advantages of Lithium-ion Batteries and Their Application

There are many advantages in using lithium-ion batteries. These advantages
include:


High energy density: Their much greater energy density is one of the chief

advantages of a lithium-ion battery or cell. With electronic equipment such as
mobile phones needing to operate longer between charges while still consuming
power, there is always a need for batteries with a much higher energy density. In
addition, there are many power applications ranging from power tools to electric
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vehicles. The much higher power density offered by lithium-ion batteries is a
distinct advantage.


Self-discharge: One issue with batteries and individual cells is that they lose their

charge over time. This self-discharging effect can be a major issue. One
advantage of lithium-ion cells is that their rate of self-discharge is much lower
than that of other rechargeable cells such as Ni-Cad and NiMH forms.


No requirement for priming: Some rechargeable cells need to be primed when

they receive their first charge. There is no requirement for this with lithium-ion
cells and batteries.


Low maintenance: One major lithium-ion battery advantage is that they do not

require constant maintenance to ensure their performance. Ni-Cad cells require a
periodic discharge to ensure that they do not exhibit the memory effect. (Define
this memory effect and why it is detrimental) As this does not affect lithium-ion
cells, this process or other similar maintenance procedures are not required.


Variety of types available: There are several types of lithium-ion cells available.

This advantage allows for particular types or chemistries of lithium-ion cells with
specific characteristics to be chosen for particular applications. Some forms of
lithium-ion batteries provide a high current density and are ideal for consumer
mobile electronic equipment. Others are able to provide much higher current
levels and are ideal for power tools and electric vehicles. This variation allows
power systems engineers to be more selective with respect to the battery's
application.
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5.3. Importance of Lithium-ion battery modeling and energy management
systems

The battery energy management system is an important element to be utilized in
making the modern hybrid power system and PEVs safe, reliable, and efficient. The
battery management system should not only control the operational conditions of the
battery to prolong its life and guarantee its safety, but also provide accurate estimation of
the SOC, temperature, and SOH for the battery banks in the smart grid and PEVs. To
fulfill these tasks, a battery management system has several features to control and
monitor the operational state of the battery at different battery cells, battery modules, and
battery pack levels is needed [14].
5.3.1.

Over charge/discharge impact on lithium-ion batteries

The lithium-ion battery is a voltage-limiting device that is similar to the lead acid
system. The difference lies in a higher voltage per cell, tighter voltage tolerance, and the
absence of trickle or float charge at full charge. While lead acid offers some flexibility in
terms of voltage cut-off, manufacturers of lithium-ion cells are very strict on the
appropriate configuration because lithium-ions cannot accept overcharge. The lithium-ion
produces a “clean” system and only takes what it can absorb. Anything extra causes
stress. If overheated or overcharged, lithium-ion batteries may suffer thermal runaway
and cell rupture (details explained in 5.3.2). In extreme cases this can lead to combustion.
Overcharging Lithium-ion: Lithium-ion batteries operate safely within the

designated operating voltages; however, the battery becomes unstable if inadvertently
charged to a higher than specified voltage. Prolonged charging above 4.30V forms
plating of metallic lithium on the anode, while the cathode material becomes an oxidizing
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agent, loses stability, and produces carbon dioxide (CO2). The cell pressure rises, and if
charging is allowed to continue, the current interrupt device responsible for cell safety
disconnects the current at 1,380 kPa (200psi).
Should the pressure rise further, a safety membrane bursts open at 3,450kPa
(500psi) and the cell might eventually vent with flame. The thermal runaway moves
lower when the battery is fully charged; for lithium-cobalt this threshold is between 130–
150C°C (266–302°F), nickel-manganese-cobalt (NMC) is 170–180°C (338–356°F), and
manganese is 250°C (482°F). Lithium-phosphate has better temperature stabilities than
manganese.
Over-discharging Lithium-ion: Lithium-ion should never be discharged too low,

and there are several safeguards to prevent this from happening. The equipment cuts off
when the battery discharges to about 3.0 V/cell, stopping the current flow. If the
discharge continues to about 2.70 V/cell or lower, the battery’s protection circuit puts the
battery into a sleep mode. This renders the pack unserviceable and a recharge with most
chargers is not possible. To prevent a battery from falling asleep, a partial charge is
applied before a long storage period. Also, if a lithium-ion cell has stayed at or below 1.5
V for more than a week, it should not be charged anymore because copper shunts may
have formed inside the cells that can lead to a partial or total electrical short. If recharged,
the cells might become unstable, causing excessive heat or showing other anomalies.
Lithium-ion battery banks that have been under stress are more sensitive to mechanical
abuse, such as vibration, dropping and exposure to heat [118].
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5.3.2.

Over heat impact to lithium-ion battery

Temperature is an important factor in the operation of a battery. In addition to the
safety issue that is defined by the temperature range, the efficiency of the battery is also
affected by the ambient temperature because of degradation of its capacity and an
increase in internal resistance. Meanwhile, the consequence of heat evolution depends on
the environment of the cells. When the cells are in an environment where heat can be
evacuated, the reactions will stabilize and cells will progressively cool down. This
corresponds, for example, to batteries with cooling systems, or small batteries evacuating
the heat through their external casing. In contrast, when the heat cannot be evacuated
(such as in a confined environment, or even worse, in a heated environment), the battery
temperature will increase, and will reach a status where new reactions can start,
generating even more heat. This mechanism is called “thermal run-away”.

Figure 5.1 Over charged lithium-ion battery cell
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Figure 5.2 Over heat impact to lithium-ion battery cell.
Several reactions involving the separator, electrolyte and positive terminal could
be ignited with temperature increases. Consequently, the heating rate accelerates from
less than 1°C/minute to more than 100°C/minute. Without appropriate design to limit the
run-away (such as venting, insulating layers, etc…), it can lead to a violent emission of
gas and flames [119]. Therefore, the battery management system needs to have the ability
to control the temperature of the battery and keep it at the optimal point under different
operating conditions. The need to dissipate the heat produced by the battery cells due to
electrochemical reactions will be more serious when several cells are compacted in a
battery pack. Thermal management uses heat-transfer analysis to determine the
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distribution of heat inside the battery pack and embed channels to remove the heat using
air or a liquid, if necessary.

5.4. High Accuracy Lithium-ion Battery Model

Numerous lithium-ion battery models have been developed in recent years to
characterize their dynamic characteristics during charging and discharging processes. The
choice of model corresponds to a tradeoff between computational complexity and the
ability to fit real experimental data. A complex equivalent circuit may perfectly fit the
experimental data but require tremendous amount of computational time and memory to
solve detailed partial differential equations of the battery model. Complex models are
limited in their application for embedded control and real-time applications. The
equivalent circuit model used in this design is given in figure 5.3(a), which is a
commonly used representation of a lithium-ion cell that simplifies their numerical

(a)
(b)
Figure 5.3 (a) lithium-ion battery pulse discharging response (b) lithium-ion battery
equivalent circuit
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analysis while sufficiently accounting for all the dynamic characteristics of the cell. The
series resistance simulates the short term instant transient response while the parallel
resistance and capacitance simulate the long term hysteresis response. To improve the
accuracy, more hysteresis RC blocks can be added to the model, which increases the
model’s complexity. For many problems of industrial relevance, one single hysteresis RC
block is adequate. In this chapter, a single hysteresis RC block battery model is used.
Therefore, four elements; Em, R0, R1 and C1 are needed to define the equivalent circuit of
a lithium-ion battery cell.
This model takes into account all of the electrochemical processes occurring
inside the lithium-ion cell and their relation to their equivalent circuit elements. Past
experiments show that the equivalent circuit elements are dependent on both the SOC and
temperature of the individual cell, specifically:

R0  R0 ( SOC, T )

(5.1)

R1  R1 ( SOC, T )

(5.2)

C1  C1 ( SOC, T )

(5.3)

Em  Em ( SOC , T )

(5.4)

These four circuit elements are defined through lookup tables that correspond to
specific SOC’s and temperatures. Those four tables are established by using Matlab
numerical analysis [120]. The estimation tool in Simulink, along with the lookup tables
allows for accurate estimation of these parameters. This parameter estimation is used in
conjunction with the methods outlined in [115] to develop a battery management system
that balances the SOC and temperature of its battery banks.
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5.4.1.

Lithium-ion battery SOC estimation

The SOC is an indicator that represents the available charge stored in the battery
compared to the full capacity charge. Accurate modeling, estimation, and management of
this parameter will protect the battery from malfunctions resulting from overvoltage,
unsafe charging rates, and deep discharges that endanger the integrity of the battery. The
SOC of an individual cell is calculated by using equation (5.5).
SOC  1 

Qe
CQ

(5.5)

Where Qe is extractable charge and CQ is the total capacity of the cell. Below is
the equation (5.6) for extractable charge Qe of an individual cell along with the total
capacity of the cell which is dependent on current and temperature.
t

Qe (t )   I m ( )d

(5.6)

CQ  CQ ( I , T )

(5.7)

0

5.4.2.

Lithium-ion battery heat estimation

The temperature of individual lithium-ion cells greatly limits their performance.
Therefore, an accurate thermal model is essential to optimize the utilization of these cells
in battery banks. The inner cell temperature is assumed to be uniform, and viewed as the
average temperature for the single cell. The temperature of a single cell can be updated
by using the heat equation (5.8) of a homogeneous body exchanging heat with the
environment.

CT

dT
T  Ta

 Ps
dt
RT
115

(5.8)

After the Laplace transformation, the transfer function can be expressed as
equation (5.9).
T (s) 

Ps RT  Ta
1  RT CT s

(5.9)

where
CT

is the heat capacitance(Jm-3K-1)

Ps

is the power dissipated inside the cell(W)

RT

is the convection resistance(Wm-2K-1)

T

is the cell inner temperature( )

Ta

is the ambient temperature( )

The power dissipated inside the cell can be calculated by using equation (5.10).
Ps  I 2 ( R0  R1 )

5.4.3.

(5.10)

Real time lithium-ion battery SOC and thermal monitoring

At each initial period, the inner temperature of the batteries should be the same as
the ambient temperature Ta. Therefore, by measuring the terminal voltage Em, the SOC of
a certain cell can be found by using equation (5.3). After this estimation the SOC, R0, R1,
and C1 can be found by using equations (5.1), (5.2), and (5.3).
Upon initialization, the SOCs and temperatures of cells can be updated by
measuring the current flowing through the particular cell. This measurement results in
acquiring the terminal voltage Em, which allows the SOC to be estimated. The parameter
estimation table then estimates the appropriate values of resistances and capacitance. All
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parameters are then updated by measuring the current flow through the battery. The flow
chart of the real time SOC and thermal monitoring algorithm is shown in figure 5.4.

Figure 5.4 Flow chart of the real time SOC and thermal monitoring

5.5. Battery Bank Energy Management with SOC and Temperature SelfBalancing Function

For industrial applications, a single lithium-ion battery cell is seldom utilized
because of the terminal voltage and available current limitations. Therefore, lithium-ion
batteries are always grouped together as a battery bank through several of the cells in
series and/or in parallel to increase the total terminal voltage and power.
5.5.1.

Importance of SOC and heat balancing

The example of one lithium-ion battery bank is shown in figure 5.5. It contains
several cells connected in series and parallel. Cell state imbalance is commonly present in
traditional multi-cell battery banks, and oftentimes, the same brand of lithium-ion
batteries from the same manufacturer will still have minor differences in characteristics
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such as inner resistances and capacities. Without proper control and regulation, those tiny
difference may accumulate and worsen the imbalance, possibly destroying the whole
battery bank. As shown in figure 5.1 and figure 5.2., without proper control, a certain cell
will over heat or over charge/discharge which may ruin the whole battery bank. Even
worse, the whole hybrid power system may be influenced, which may cause serious
issues such as system instability, system lifetime degradation, and so on. Therefore,
individual lithium-ion battery cells in a battery bank need to be carefully monitored and
balanced to increase the reliability of the battery bank.
5.5.2.

Fuzzy logic battery bank energy management algorithm

Each module contains its own management system that controls the SOC and

Figure 5.5 Lithium-ion battery bank
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thermal imbalances among its 6 banks. The switching control is derived directly from
[115]. The SOC of each bank is first calculated by equation (5.11).
SOC b 

1 n
 SOC i
n i 1

(5.11)

SOCi is the SOC of the ith cell in the bank. The balancing of the banks continues
with the calculation of the number of banks to be disconnected to balance SOCs and
temperatures of each battery bank within the module, qnb:

qnb  f (SOCb , Tb )

(5.12)

Where f(ΔSOCb, ΔTb) is the function that determines how many banks in the
module are needed to be disconnected to balance their SOC and temperature. ΔSOCb is
the difference between the maximum and minimum bank SOCs of the module, and ΔTb is
the difference between the maximum and minimum bank temperatures of the module.
Since the battery system is highly nonlinear, and the number of banks that need to
be disconnected from the module has no direct relationship with ΔSOCb and ΔTb, fuzzy
logic is applied to define the function of f(ΔSOCb, ΔTb).
Fuzzy logic is a form of many-valued logic which deals with reasoning that is
approximate rather than fixed and exact. Compared to traditional binary sets (where
variables may take on true or false values), fuzzy logic variables may have a truth value
that ranges in degree between 0 and 1. Fuzzy logic has been extended to handle the
concept of partial truth, where the truth value may range between completely true and
completely false. Furthermore, when linguistic variables are used, these degrees may be
managed by specific functions. Linguistic variables are the input or output variables of
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the system whose values are words or sentences from a natural language, instead of
numerical values. A linguistic variable is generally decomposed into a set of linguistic
terms.
The term "fuzzy logic" was introduced with the 1965 proposal of fuzzy set theory
by Lotfi A. Zadeh. Fuzzy logic has been applied to many fields, from control theory to
artificial intelligence. Fuzzy logic had, however, been studied since the 1920s, as infinitevalued logic—notably by Łukasiewicz and Tarski.
Fuzzy control is based on the experience of the user about the system behavior
rather than modeling the system under control mathematically like in linear control
theory. This makes fuzzy control a powerful control technique especially with non-linear
systems in which it is difficult to derive an accurate approximated mathematical model of
the system and expect its behavior. Fuzzy control is a rule-based control technique that is
approached by linguistic fuzzy rules, which describe the output desired out of the system
under different operating conditions. Fuzzy rules are in the form of if-then rules that the
proficient should design such that they cover all the conditions the system is expected to
go through.

Rules
Crisp
Inputs

Fuzzifier

Defuzzifier

Fuzzy Input Set

Inference

Fuzzy Output Set

Figure 5.6 Fuzzy logic control steps
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Crisp
Outputs

The architecture of a fuzzy controller is shown in figure 5.6. A fuzzy logic
controller is designed through four major steps: fuzzification, rules, inference
mechanism, and defuzzification.
The basic process of fuzzy logic is shown in Table 5.1: Firstly, a crisp set of input
data are gathered and converted to a fuzzy set using fuzzy linguistic variables, fuzzy
linguistic terms and membership functions. This step is known as fuzzification.
Afterwards, an inference is made based on a set of rules. Lastly the resulting fuzzy output
is mapped to a crisp output using the membership functions, in the defuzzification step.
Table 5.1 Fuzzy Logic Algorithm Basic Process

1. Define the linguistic variable and terms(initialization)
2. Construct the membership functions(initialization)
3. Construct the rule base (initialization)
4. Convert crisp input data to fuzzy values using the membership functions
(fuzzification)
5. Evaluate the rules in the rule base (inference)
6. Combine the results of each rule (inference)
7. Converter the output data to a non-fuzzy values (defuzzification)

The two inputs of the fuzzy logic controller are ΔSOCb and ΔTb, and the output of
the fuzzy logic controller is qnb. Mamdani-type fuzzifaction and defuzzifaction is applied
for the fuzzy logic function. The ΔSOCb is described as “very small”, “small”, “normal”,
“big” and “very big”, which show the SOC difference between different battery banks by
using linguistic variables. The ΔTb is described as “very low”, “low”, “normal”, “high”,
and “very high”, which show the temperature difference between different battery banks
in linguistic variables. The output of the fuzzy logic controller qnb is described by
“balanced”, “tiny imbalance”, “medium imbalance”, “imbalance”, “urgent”. For example,
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at a certain time the ΔSOCb is very small and the ΔTb is very low, therefore, this module
is in a balanced state with respect to SOC and temperature. Also, the output of the fuzzy
controller is balanced, which means no battery within this module needs to be
disconnected for balancing purposes. At another moment, if the ΔSOCb is very big and
the ΔTb is very high, then the fuzzy logic controller’s output may be “urgent”, and after
defuzzifaction, the controller may disconnect battery banks to regulate the system SOC
and temperature. Because each module has only 6 battery banks, the maximum qnb is set
as 3 in order to keep enough battery banks operating in the module. The membership
functions of the fuzzy logic controller and the rule surface are shown in figure 5.7. (a),
(b), (c), and (d).
Several battery modules can be connected together in series to act as an energy
storage device with a far higher energy capacity. In this configuration, the energy storage
device is suitable for utilization in PEVs and MGs. The thermal and SOC balancing
method proposed in this chapter can also be used to regulate the modules in a similar
fashion. The only differences are the inputs to the fuzzy function which become the
average SOCs and temperatures of each module instead of each battery bank.
5.5.3.

Battery bank SOC and temperature self-balancing circuit

The design of the battery SOC and temperature self-balancing circuit serves to
monitor and manage the SOC and thermal imbalances that occur in a lithium-ion battery
module. The example module contains m battery banks, each with n cells, thus, a m x n
lithium-ion cell configuration is implemented in the bank. The switching topology used
in each module connects all 6 banks in series and each of the three cells within the
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module in parallel. This cell switching topology serves to disconnect specific banks of
cells during discharging or charging cycles so that the other banks can balance any SOC

(a)

(b)

(c)

(d)
Figure 5.7 (a) ΔSOCb membership function. (b) ΔTb membership function. (c) qnb
membership function. (d) Fuzzy logic controller rule surface.
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or temperature variations. The lithium-ion battery module SOC and temperature selfbalancing circuit is shown in figure 5.8.
For example, at a certain moment, cell C21 temperature is higher than the rest of
the cells in the bank, which increases the average temperature of bank 2. If the
temperature difference exceeds a certain limit, switches S21 to S2n should turn off and
switch S2 should be turned on. In this way, bank 2 is isolated to cool down.
Another example, at a certain moment, the SOC of cell Cmn is low. Then, the

Figure 5.8 Lithium-ion battery bank SOC and temperature self-balancing circuit
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average SOC of bank m is lower than the rest of the banks. If the battery module is in a
discharging situation, after exceeding the SOC difference limit, bank m should be
isolated from the rest of the banks in the battery module. To fulfill this function, the selfbalancing circuit will turn off switches Smn. After isolation from the battery banks, cell
Cmn will be disconnect. It will reconnect back to the bank once the SOC differences
between other banks are within the limit, or the whole module is changed to charging
mode. After reconnection, their SOCs will be automatically balanced since cell Cm1 to
Cmn are connected in parallel.
5.5.4.

Simulation and experimental verification

The battery management system’s operation is simulated to verify the proposed
SOC and temperature balancing capabilities. The battery module contains 6 battery
banks, and each battery bank has three lithium-ion battery cells as shown in figure 5.7.
This battery bank can be connected to other banks in series to behave as an energy
storage device with a significantly larger energy capacity. This section only focused on
the SOC and thermal balancing between battery banks in one module. For module
balancing, the management method is similar and the detail is shown in section 5.6. The
entire battery system is given a constant input current that serves to either charge or
TABLE 5.2 Initial SOCs and Temperatures during Discharging

Bank No.

SOC (%)

TEMPERATURE ( ̊C)

1
2
3
4
5
6

100
95
90
85
80
75

40
35
30
20
10
0
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Table 5.3 Initial SOCs and Temperatures during Charging

Bank No.

SOC (%)

TEMPERATURE ( ̊C)

1
2
3
4
5
6

10
30
20
35
25
5

40
20
30
10
0
35

discharge the battery system over the course of 30,000 seconds, or 8.333 hours, at ±10
Ah. Ambient temperature is also introduced into the battery system so each bank also
receives an ambient temperature value of 20̊ C. Heat losses across the resistors of the
electronic control module of each lithium-ion cell is also taken into account during the
estimation process of temperature using the estimation tools in Simulink.
In this simulation, the balancing of temperature and SOC within a single bank is
verified. Each battery bank within this module is given different initial temperatures and

Figure 5.9 SOC Balancing during Discharging Cycle
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SOCs. The initial temperatures and SOCs of each bank during a discharge cycle of 10 Ah
and during a charging cycle of 10 Ah are shown in Table 5.2 and Table 5.3, respectively.
Figure 5.9 shows successful balancing of the SOCs within the battery banks
during the discharging process of 10 Ah over the course of 30,000 seconds. The battery
module’s SOCs are fully balanced approximately 3 hours after initial discharging of the
bank. Figure 5.10 shows that the various temperatures of each bank within the module
also balance during this discharging cycle approximately 7 hours after initial discharging.
Similar results are observed during the charging cycle of 10 Ah over 30,000
seconds for the same battery module. Figure 5.11 shows that the SOC of the battery
banks within this module balance themselves approximately 4 hours after initial charging.
Figure 5.12 displays the temperature balancing within the module during this cycle which

Figure 5.10 Temperature Balancing during Discharging Cycle
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shows the same results as the temperature balancing during the discharge process since
the initial temperature values across the banks are kept the same.

Figure 5.11 SOC Balancing during Charging Cycle
This section presented a fuzzy logic based battery module management system
with self healing capabilities to protect itself from variations in the SOC and temperature
of its battery banks. The power consumed by the resistive elements in the equivalent
circuit model used for each lithium-ion cell, along with the ambient temperature
introduced into the system, allows for accurate estimation of the temperature. The battery
management system’s effectiveness was demonstrated through simulations in Matlab for
a battery management system that consisted of five battery modules, each with a 6 x 3
lithium-ion cell configuration and a switching topology that connects 6 banks in series
with three parallel cells in each module. The simulation results demonstrated that the
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system was able to effectively regulate both SOC and temperature during charging and
discharging cycles for long periods of time and increase the safety of the whole system.

Figure 5.12 SOC Balancing during Charging Cycle

5.6. Real-time Battery module Operation in Hybrid Power Systems with Droop
Control

This section presents the real-time coordinated control of distributed lithium-ion
battery modules in hybrid power systems. It is common that in a hybrid power system,
there are several energy storage systems connected to the DC side. To have several
energy storage units work together and balance the SOC of each energy storage unit, an
adaptive droop control based on the SOC is proposed. A central aggregator is used in this
system to measure the DC bus voltage and collect the information about the SOC of each
battery module. During the discharging process, battery modules with higher SOC will
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deliver more power compared with the ones with lower SOC. During the charging
process, battery modules with lower SOC will absorb more power compared to those
with a higher SOC. In this way, the SOC difference between different battery modules
will be suppressed and the load can be equally shared by those distributed battery
modules. A hardware platform is designed to verify the proposed control method.
5.6.1.

Droop control in hybrid power systems

Modern hybrid power systems tend to be fairly distributed with multiple power
generators on both the AC and DC side. Therefore, power systems engineers have to face
a new scenario in which small distributed power generators and dispersed energy-storage
devices have to be integrated together into the grid.
Controlling distributed energy resources units in the AC side based on droop
characteristics is ubiquitous in the literature [90], [121]–[124]. Droop methods originate
from the principle of power balance of synchronous generators in large interconnected
power systems. An imbalance between the input mechanical power of the generator and
its output electric active power causes a change in the rotor speed which is translated into
a deviation in frequency. Similarly, output reactive power variation results in deviations
in voltage magnitude. The frequency-power droop control method is inherent to the
steady-state operation of conventional distributed generation units such as synchronous
generators, and it can be artificially crafted for electronically interfaced distributed
generation units.
In droop control, the relationship between real power/frequency and reactive
power/voltage can be expressed as:

0   *  K P ( P0  P * )
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(5.13)

V0  V *  K Q (Q0  Q* )

(5.14)

Where the values ω* and V* correspond to the reference values for angular frequency and
voltage, respectively, ω0 and V0 correspond to the measured output frequency and voltage
of the distributed generation system, respectively. A similar convention is used for the
active power and reactive power. The coefficients denote droop coefficients, and are
determined based on steady-state performance criteria.
The example of conventional P- ω and Q-V droop characteristics are shown in
figure 5.13. (a) and (b). Different distributed generation units may have different droop
coefficients. Therefore, under certain situations, they can share the power appropriately
according to their power generation capacity.
Droop control can also be performed on the DC side of the hybrid power system.
The configuration of the DC side of the hybrid power system is shown in figure 5.14. The
DC sources and distributed energy storage systems are connected to the DC bus through
their DC-DC power electronics converters. In the steady state, the dc network will force
the DC source terminal voltages to be close in value, but usually not equal because of

Figure 5.13 (a) P- ω droop characteristic. (b) Q-V droop characteristic
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different virtual impedances of the DC-DC converters. By properly controlling the virtual
impedance, the mismatch will cause active power sharing errors, which in the end force
different distributed DC energy sources and energy storage systems to share the power
similar to the reactive power sharing experienced by the AC subsystem [125]-[129].
5.6.2.

Adaptive droop control for multi battery module operation in hybrid
power systems

If several energy storage systems are connected to the DC bus of the hybrid power
system individually through their own bidirectional DC-DC converter, a conventional
PID controller couldn’t be used to regulate the DC bus voltage. If all of them are used to
regulate the DC bus voltage, they may conflict with each other and cause instability
issues; if only one of them is used to regulate the DC bus voltage, distributing power flow
becomes unclear to the other controllers, which may cause SOC unbalance between
energy storage systems.

Figure 5.14 Hybrid power system DC subsystem configuration.
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In this section, adaptive droop control is used to regulate and dispatch power flow
for multiple lithium-ion battery modules on the DC side of the hybrid power system. As
shown in figure 5.14, five lithium-ion battery modules with 21Ah capacity and 51.8 V
terminal voltage are connected to the same DC bus individually through their own
bidirectional DC-DC converter. A PV emulator is connected to the DC bus as a DC side
energy resource. Also, the DC bus is connected to the AC side through a bidirectional
AC-DC inverter. The AC side of the hybrid power system can be connected either to the
utility grid to operate in grid connected mode or to a local AC generator to operate in
islanding mode. In steady state, the DC voltage can be influenced by several factors:
abrupt change of PV output power because of sudden changes of solar irradiance, pulse
load connection and disconnection, and power transformations between AC and DC
sides. The detailed study of the power flow and cooperation of the power electronics
devices in the hybrid power system is described in Chapter 8. In this section, we only
focus on the control of power flow in five battery modules.
During the operation, the DC bus voltage is monitored all the time. Whenever the
DC bus voltage is above the rating value which is set as 100V, extra power needs to be
transferred into the battery modules. On the other hand, battery modules need to inject
Table 5.4 Battery Modules Droop Coefficients

Bank Ranking No.

CHARGING DROOP COEFFICIENT

DISCHARGING DROOP COEFFICIENT

1
2
3
4
5

2.0
2.5
3.0
3.5
4.0

4.0
3.5
3.0
2.5
2.0
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power to the DC bus once the DC bus voltage is lower than its rating value. In this way,
the DC side of the hybrid power system will keep being operated with the rating voltage.
To intelligently distribute the power flow between the five lithium-ion battery
modules with the function of self-balancing, a method of droop control with adaptive
coefficients is proposed. The SOCs of the five battery modules are estimated by
measuring the terminal voltages. With the SOC information, the five battery modules are
ranked based on their SOC. With the SOC rank and the measured DC bus voltage, a
central aggregator will calculate and assign the droop coefficient to each battery module.
The droop coefficients are shown in Table 5.4, and based on the droop coefficients, the
voltage-current droop characteristics of each battery module is shown in figure 5.15.
After assigning the droop coefficients, the reference current values are calculated.
Those reference current values will be sent to the bidirectional DC-DC converters of
those five lithium-ion battery modules. After receiving the reference current signal, the
driver circuit will regulate the current flow through it. The detail of how to control the
bidirectional DC-DC converter will be given in Chapter 8 Section 8.3.

Figure 5.15 Voltage-current droop characteristics of each battery module

134

5.7. Conclusion

This chapter presented a fuzzy logic based battery bank management system with
self-healing capabilities to protect itself from variations in the state of charge and
temperature of its battery banks. The power consumed by the resistive elements in the
equivalent circuit model used for each lithium-ion cell, along with the ambient
temperature introduced into the system, allows for accurate estimation of the temperature.
The battery management system’s effectiveness was demonstrated through simulations in
Matlab for a battery module consists of 6 x 3 lithium-ion cell configuration and a
switching topology that connects 6 banks in series with three parallel cells in each bank.
The simulation results demonstrated that the system is able to effectively regulate both
SOC and temperature during charging and discharging cycles for long periods of time
and increase the safety of the whole system. Also, an adaptive droop control for
distributed battery modules energy management with SOC balancing function is
proposed.
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6. Plug-in Hybrid Electric Vehicles Car Park Modeling and Design of Artificial
Intelligent Power Management Algorithm

This chapter proposes an intelligent workplace parking garage power
management algorithm for plug-in hybrid electric vehicles (PHEVs). The system
involves a developed smart PHEVs power charging controller, a photovoltaic (PV) panel
farm, a DC distribution bus. Also, this parking garage is connected to the AC utility grid.
Stochastic models of the power demanded by PHEVs in the parking garage and output
power of the PV are presented. In order to limit the impact of PHEV’s charging on the
AC utility grid, a fuzzy logic power flow controller was designed. Based on their power
requirements, PHEVs were classified into five charging priorities with different charging
rates according to the developed fuzzy logic controller. The PHEVs charging rates can be
calculated based on the predicted PV output power, the power demand by the PHEVs, the
price of energy from the utility grid and some other factors. The system structure and the
developed PHEVs smart charging algorithm are described with detail. Moreover, a
comparison between the impacts of the charging process of the PHEVs on the grid with
and without the developed smart charging technique is presented and analyzed. The
developed system can dramatically limit the impacts of PHEVs on the utility grid, reduce
the charging cost and at the same time maximize the utilization of the energy generated
from the renewable energy farm.
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6.1. Introduction

PHEVs are gaining popularity due to several reasons; they are convenient,
visually appealing, quiet, and produce less pollution in the environment. PHEVs have the
potential to reduce fossil energy consumption, green-house gas emissions and increase
the penetration of sustainable energy sources such as solar energy and wind energy into
our daily lives [130]-[132]. Furthermore, most personal vehicles in the United States are
parked more than 95% of the day and generally follow the same daily schedule [133].
Therefore, PHEVs can be used as mobile energy storage devices in the future. More than
75% of drivers in the United States travel less than 45 miles in their daily commute and
since many of today’s PHEVs can go up to 100 miles on a single charge, their
implementation can be widespread. Battery technology continues to advance with
batteries becoming smaller in size while storing more energy. It is forecasted that in
North America PHEVs will be on the roads in large numbers in the very near future
[134].
The increasing number of PHEVs can have a huge impact on the electric utility if
properly designed smart charging techniques are not utilized. Uncoordinated and random
charging activities could greatly stress the distribution system, causing several kinds of
technical and economic issues such as suboptimal generation dispatches, huge voltage
fluctuations, degraded system efficiency and economy, as well as increasing the
likelihood of blackouts because of network overloads. In order to maximize the usage of
renewable energy sources and limit the impacts of PHEVs’ charging to the AC utility
grid, a smart power flow charging algorithm and controller should be designed.
Moreover, accurate PV output power and PHEV’s power requirement forecasting models
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should be built. PHEVs need to participate in vehicle-to-grid (V2G) and vehicle-tovehicle (V2V) power transactions during the charging process. Fully controlled
bidirectional AC-DC and DC-DC converters are needed in this system.
In [135] and [136], load management solutions for coordinating the charging
process of multiple PHEVs in a smart grid system based on real-time minimization of
total cost of generating the energy plus the associated grid energy losses were proposed
and developed. However, they did not consider the inclusion of a renewable energy
source in the system, which holds the implementation of these algorithms back since the
concept of PHEVs involves obtaining the power to charge them from renewable energy
sources. In addition, the control strategy did consider charging priority level, but the level
is based on how much the owner of the PHEV is willing to pay, not the state of charge
(SOC) of the PHEV’s batteries, therefore the efficiency of V2V and V2G service is low.
In [137] and [138], an intelligent method for scheduling the use of available
energy storage capacity from PHEVs is proposed. The batteries in these PHEVs can
either provide power to the grid or take power from the grid to charge the batteries on the
vehicles. However, the detail about the energy dispatch during charging and V2G process
is not given. Also, the SOCs of the PHEV’s batteries are not considered during the
process.
A fully controlled bidirectional AC-DC converter has been designed and
implemented in [139]. This converter has the capability of controlling the power flow
between the AC and DC sides of the systems in both directions while operating at unity
power factor and within acceptable limits of time harmonic distortion (THD) for the
current drawn from the grid. Hence, the amount of power flowing in either direction can
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be set to a certain pre-set value while a controlled rectifier, working as a voltage rectifier,
maintains the power balance as it is free to supply any power needed in the DC grid. In
addition, a controlled DC-DC boost converter and a bidirectional DC-DC converter are
proposed and tested in [140]-[142].
The objective of this chapter is to design a grid-connected hybrid DC PHEV
charging parking garage system with fuzzy logic power flow control and PV panels. The
goal is to limit the impact of PHEV's charging to the AC utility grid and maximize the
utilization of power generated from PV panels. In this chapter, fuzzy logic based PHEV
real-time energy management algorithms are proposed for smart charging of PHEVs in
the car park with different scales. The real-time energy management algorithms may have
different functions, such as maximizing the utilization of energy from renewable energy
sources to charge PHEVs, reducing the PHEVs charging cost based on the utility grid
energy price, or minimizing the charging impact to the utility grid with the consideration
of local load.
This chapter is organized as follows; Section 6.2 presents the PHEVs car park
energy consumption analysis including the details of PHEVs model classification, energy
consumption per miles model, total daily energy consumption model, and PHEVs car
park power requirement forecasting model. The details of the developed real-time fuzzy
logic power flow controller are given in section 6.3. Section 6.4 presents two cases of
study for a small scale PHEV car park charging process simulation with the purposes of
maximizing the utilization of PV output power and reducing the charging cost. Section
6.5 gives a case of study for a medium scale PHEV car parking charging process
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simulation with the consideration of limiting the charging impact to the utility grid.
Finally, the conclusion is given in section 6.6.

6.2. PHEV Car Park System Description and Problem Formulation

Consider a workplace parking garage DC hybrid power system equipped with a
PV farm. Each workday various vehicles will park in the garage during their owner’s
working hours.
The schematic diagram of the system under study is shown in figure 6.1. As can
be seen, the PHEVs, with their bidirectional DC-DC chargers, and the PV source, with its
DC-DC regulating interface, share a common DC bus. Hence, the charging parking
garage acts as a DC micro-grid that has the ability to send or receive power from the AC
utility grid. The amount of power transferred between the AC and DC sides is determined
according to the decisions from the developed energy management algorithm. Also, the
active and reactive power flow is controlled separately by using the active and reactive

Figure 6.1 PHEVs carpark hybrid powers system schematic diagram
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power decoupling technique. More simulation and experimental results on this converter
as well as the controlled rectifier were illustrated in [139].
In order to limit the impact of PHEVs charging to the AC utility grid while letting
the PHEVs participate in the V2V and V2G power transactions, the parking garage
should have a smart charging algorithm that can adjust the charging rates for the PHEVs
based on the utility AC energy prices (Eprice), power flow estimations (Pgrid), and PV farm
output power (PPV). Since the hourly energy price is assumed to be known beforehand, it
is essential to estimate Pgrid, which is given by equation (6.1).

Pgrid  PPV  Ptotal  Pˆupcoming

(6.1)

where


PPV is the estimated PV output power for the next period T;



Ptotal is the power needed by the PHEVs that are already parked in the parking
garage;



P̂upcoming

is the estimated power requirements for the upcoming PHEVs which will

connect to the parking garage in the next period T.
In order to design the smart charging control algorithm, an accurate power
requirement forecasting model is needed to estimate Pgrid. For the power flow control for
the next period T, the charging rates for different PHEVs should be adjusted based on
Eprice and Pgrid. Because the system is highly nonlinear, a fuzzy logic controller is a good
choice for solving this issue.
Often times, the PHEVs in the parking garage will have different SOCs and
different departure times, so their average constant power requirements will differ. Some
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PHEVs may need a huge amount of energy within a short period of time. These kinds of
PHEVs should be classified into the high priority level. Other PHEV’s SOCs are already
high with departure times several hours later. These kinds of PHEVs should be classified
into the lower priority level. Therefore, a priority classification should be designed for the
PHEVs.
In order to develop an accurate PHEV parking system model, it is essential to
estimate the probability density function (PDF: a function that describes the relative
likelihood for this random variable to take on a given value [143]) of the power needed
by each PHEV when it is connected to the parking lot, P̂PHEV . This variable is based on
the PHEV models (battery capacities, energy consumptions), parking duration times in
the parking garage, and the daily travel distances. Therefore, to model a PHEVs parking
garage system, the PDF of those parameters should be found first.
To avoid serious damage, the batteries of the PHEVs should not be over
discharged. PHEVs have the capability of using both electric energy and fossil fuel
energy. The PHEV stops using electric energy when the SOC of its battery is below 10%.
Therefore, the electric energy of a PHEV that can be used before its next charge is 70%
of the total battery capacity. If the energy consumption is more than this value, the PHEV
will use gas. If the total energy consumption for a certain PHEV before the next charge is
less than 70% of its battery capacity, the energy needed by it for the next charge is
M×Em. Otherwise, the energy needed by it is 70% of its battery capacity. The constant
charging power needed by this PHEV is given below in (2) and (3). In order to find P̂PHEV ,
the distribution of daily travel distance and daily parking duration time need to be
obtained first.
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If total energy consumption is less than 70% of the battery capacity:
M  Em
PˆPHEV  d
D t  At

(6.2)

If total energy consumption is equal or more than 70% of the battery capacity:
70 %  Bc
PˆPHEV 
Dt  At

(6.3)

where
 Md is the driver’s daily travel distance;
 At is the PHEV’s arrival time;
 Dt is the PHEV’s departure time;
 Em is the PHEV’s energy consumption per mile;
 Bc is the PHEV’s battery capacity.
6.2.1.

PHEV model classification

The PHEVs differ in size, battery capacity, and energy consumption per mile. The
specific details are shown in Table 6.1. Whenever a PHEV is connected to the parking
garage, the owner of it will set the next departure time and the system will make a record
of this. To not influence the driving behaviors of the PHEV owners, at the departure time,
the SOC of the batteries are expected to be at least 80% of its full capacity. In order to
take battery protection into consideration, the SOC of the PHEV’s battery shouldn’t go
below a certain limit. Therefore, when a certain PHEV’s SOC is below a certain limit, it
should not be involved in the discharging process needed in the V2G and V2V services.
But during charging process, it is operated as normal. By doing this, the battery banks in
the PHEVs can be effectively protected from over discharging, which will extend the
lifetime the battery banks.
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Figure 6.2 The PDF of the daily travel distance
6.2.2.

PHEV daily travel distance modeling

Based on known driving pattern statistics, the average yearly total miles driven in
the United States is 12,000 miles with 50% of drivers driving 25 miles per day or less,
and 80% of drivers driving 40 miles or less. A log normal distribution with µm=3.37,
σm=0.5 is selected to approximate the PDF of Md, which shows that the total yearly
driving distance average is 12,018 miles, 48% of the vehicles drive 25 miles or less each
day, and 83% of the vehicles drive 45 miles or less each day, which closely approximates
the driving performance results from [130]. The distribution function for Md is given in
equation (6.4). The PDFs of the Md is shown in figure 6.2.

PHEVs model

Table 6.1 Parameters For Phevs In Different Size
Energy consumption
Percentage
Battery capacity (kWh)
per mile (kWh/mile)

compact sedan

32.5%

10-20

0.2

full-size sedan

37.5%

20-30

0.3

20%

30-40

0.45

10%

40-50

0.6

mid-size SUV
or pickup
full-size SUV
or pickup
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Figure 6.3 The PDF of the daily parking duration
f X x;  m ,  m  

6.2.3.

1
x m 2

exp{

ln x   m 2 }

(6.4)

2 m 2

PHEVs parking duration modeling

In this work, the parking garage is located by the workplace of a company whose
office hours are from 9:00 am to 6:00 pm. Based on the Central Limit Theorem (the
conditions under which the mean of a sufficiently large number of independent random
variables, each with finite mean and variance, will be approximately normally distributed
[144]), the distribution of the PHEVs arrival and departure time is shown in Table 6.2.
With the PDFs of At and Dt, the joint probability density function of Dt - At can be found,
Table 6.2 Arrival And Departure Times Distribution Parameters
Departure

Arrival
Parameter

Weekday

Weekend

Weekday

Weekend

 T h 

9

11

18

15

 T 2 h 

1.2

1.5

1.2

1.5
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Figure 6.4 Power needed by each PHEV when connected to the parking garage
which is the daily parking duration time. It is a normally distributed random variable with
µd and σd = 1.92a. The PDF of the daily parking duration is shown in figure 6.3.
6.2.4.

PHEV charging power modeling

With the PDF of daily duration time, PDF of daily travel distance, and power
consumptions of each class of PHEVs, we can use MATLAB's statistic distribution
fitting toolbox and Monte Carlo simulation with 30000 samples to find the PDF of
constant power needed by each PHEV when it is connected to the parking lot, P̂PHEV , as
an inverse Gaussian distribution with µp=1.573 and λp=3.652. The distribution function
for P̂PHEV is given in equation (6.5). The PDF of the P̂PHEV is shown in figure 6.4.
f X ( x,  p ,  p ) 

p
p
exp{ 
(x   p )2}
3
2
2 x
2 p x
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(6.5)

6.2.5.

PHEV car park power requirement forecasting model

After getting the probability distribution function of P̂PHEV , the forecasting model
of power needed by PHEVs in the parking system is built. Together with the forecasting
model of the power generated by renewable energy sources and hourly price of the
energy from the utility grid, a real-time smart parking system is established. For instance,
at a certain time t, the SOC of the PHEVs already parked in the parking lot and their
power requirements are already known. In order to forecast the power needed by the
PHEVs that will arrive during the upcoming period T, the following equation (6.6) can be
used.
Pˆupcoming 

t T





f At x ,  At , 

dt  NP  p


At

PHEV _ avg

(6.6)

t

where
 NP is the total number of PHEVs that will park in the parking lot this day;




f At x ,  At ,  At

 PˆPHEV

_ avg

 is the PDF of the arriving time At;

is the average constant power requirement for all PHEVs when they are

connected to the parking lot. PˆPHEV

_ avg

can be calculated from the PDF of P̂PHEV .

6.3. Fuzzy Logic Based Real Time Energy Management Algorithm

In the previous section, the details of how to build the model of the parking
garage and find the PDF of the P̂PHEV are given. Together with the stochastic model of
PV and hourly energy price of the AC utility grid, a smart charging algorithm with a
fuzzy logic power flow controller is designed. The flowchart is shown in figure 6.5.
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6.3.1.

PHEV Charging Priority Levels classification

Different PHEVs with different SOCs and power requirements should be charged
at different rates. For example, a PHEV is connected to the parking lot at 9:00 am with a
departure time of 6:00 pm and a SOC of 65%. The average constant power required by
this PHEV is small. At the same time, another PHEV is connected to the parking lot also
at 9:00 am, but will leave at 10:30 am and the SOC is only 10%. This PHEV’s average
constant power requirement is larger than the previous one, which means its charging
condition is also more urgent. In order to reduce the impact of the PHEVs’ charging to
the AC utility grid, at a certain time, different PHEVs should be charged at different

Figure 6.5 The flow chart of the developed real time fuzzy logical charging controller.
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rates. Furthermore, since the first PHEV will stay in the parking lot for more than 8
hours, it can be viewed as an energy storage device during this period. For instance, if at
a certain time the energy price is below the daily average price and the PV generates
more power than the total PHEV's requirements. The extra power can be saved in this
first PHEV as backup energy. By doing so, the priority level of this PHEV decreases. At
another time during this period, the price of the utility grid energy could be high and the
power generated by the PV can’t meet the total load plus the total PHEV's power
requirements, so instead of buying power with a high price from the utility grid, the
parking system can get the backup energy from the first PHEV. By doing so, the priority
of this PHEV will increase. During the entire day, all the PHEV's priorities are varying
with their SOCs, thus energy can be delivered between V2G and V2V. The five charging
priorities are shown in Table 6.3.
The PHEV's charging priority levels are only dependent on their power
requirements. Also, because of the bidirectional power flow converter, PHEVs can be
charged and discharged, so their charging priority levels are varying with time. PHEVs in
levels 1, 2, and 3 can only be charged. Those PHEVs either need a lot of energy (such as
having a SOC of only 10% when connected to the parking station) or will leave in a short
time but still have not met the owner's charging requirement (such as having a SOC of
only 65% and departing in half an hour). PHEVs in level 4 and 5 can be discharged to
fulfill the V2G and V2V services. These PHEVs will continue staying in the parking lot
for longer durations. The various SOCs of the PHEVs will change over time, thus PHEVs
in lower priority levels can jump to the higher levels of priority and vice versa.
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With the charging index, δp, the charging rates of PHEVs in levels 1-5 are given
in (6.7)-(6.11).
p ch arg ing _ rate  12 ,

(6.7)

p ch arg ing _ rate  9  3   p ,

(6.8)

 4  4 p,

(6.9)

p ch arg ing _ rate  0  5   p ,

(6.10)

p ch arg ing _ rate   3  5   p .

(6.11)

p ch arg ing

6.3.2.

_ rate

Fuzzy logic controller design

The charging rates of PHEVs at different priority levels for the next period varies
based on the forecasting of the power generated by the PV panel, the forecasting of the
power needed by the upcoming PHEVs, the price of the utility energy grid, and the power
needed by the current PHEVs. Without the V2V and V2G services, the power flow in the
next period between the AC utility grid and the hybrid parking system can be calculated
by using equation (6.1).
There are several variables can be used to decide the charging rates of the PHEVs
in different priority levels. For a different purpose, different variables can be chosen. For
example, if the designed car park is aimed to reduce greenhouse gas emissions by
maximizing the utilization of renewable energy resources to charge the PHEVs, then the
forecasted renewable energy farm output power can be used to decide the charging rates.
Table 6.3 Charging Rates for Different Charging Levels
Priority level

Power requirement

Maximum charging rate

Minimum charging rate

Level 1
Level 2
Level 3
Level 4
Level 5

p  15 kW

12kW
12kW
8kW
5kW
2kW

12kW
6kW
0kW
-5kW
-8kW

10 kW  p  15 kW
5 kW  p  10 kW
2 kW  p  5 kW
p  2 kW
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For another example, if the designed car park is focused on reducing the charging cost of
the PHEVs, then the utility grid energy price can be used as a factor to influence the
charging rates of the PHEVs. Further, to fulfill multiple functions, two or more factors
can be used together as the inputs to decide the charging rates.
However, the charging rates of PHEVs have no direct relationship with factors
such as renewable energy farm output power, the PHEV car park’s hybrid system energy
gap, and the utility grid energy price. Therefore, a conventional linear controller like the
PID controller can’t solve the problem. Therefore, a fuzzy logic controller is utilized in
this study to smartly control the PHEVs’ charging process.
In this chapter, two fuzzy logic controllers are proposed. The first controller is
used to maximize the utilization of renewable energy resources, while at the same time
limiting the PHEVs’ charging impact to the utility grid. The second controller is aimed at
minimizing the PHEVs’ charging cost, while at the same time limiting the PHEVs’
charging impact to the utility grid. Both controllers will generate a charging rate index δP,
which will be used to adjust the charging rates of PHEVs at different priority levels based
on equation (6.12).

Pbatt ,i

6.3.3.

 12
9 + 3 × 
P

 4 + 4× P
0 + 5 × 
P

 - 3 + 5 ×  P

, for level 1
, for level 2
, for level 3
, for level 4

(6.12)

, for level 5

Maximizing the utilization of renewable energy sources

During the whole day, all the PHEVs’ priorities are varying with their SOCs and
departure times. The first input of the fuzzy logic controller is Ppv, the forecasted output
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energy of the PV farm for the next period, which is derived from the forecasting result of
the Neural Network. The second input of fuzzy logic controller is Pgap, the forecasted
energy gap between the output energy from the PV farm and the PHEVs’ energy
requirements for the rest of the day, which can be calculated by using equation (6.13),
where tcurrent is the current time.
Start

Fuzzification
Inference Engine

(a)

Update each PHEVs SoC (SoCi),
battery capacity (BCi) and staying
duration (Dt,i)
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(d)
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N
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Figure 6.6 Flow chart of Fuzzy Logic based controller for maximizing the utilization of
power from PV.
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The PV farm next period energy output, Ppv, is described as “very low”, “low”,
“normal”, “high” and “very high”. Similarly, the energy gap, Pgap, is described as
“negative large”, “negative”, “zero”, “positive”, and “positive large”. The method
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0.6

0.4

Normalized Ppv

1

Defuzzification

(c)

Charge/discharge PHEVs

0

TABLE IV
FUZZY RULES

PB

0

Set the charging rate Pbatt,i for each
PHEV based on their priority levels

-5

Normalized Pgap

implemented for defuzzification is centroid based. Within the model, the minimum and
maximum are used for “AND” and “OR” operators, respectively. The charging rate
index, δP, is described as “negative big”, “negative”, “zero”, “positive” and “positive
big”. For convenience, the inputs and outputs are normalized. The output δP is in the
range of [-1, 1]. After getting δP, the charging of the PHEVs at different levels can be
calculated. The flow chart of the smart charging algorithm is shown in figure 6.6.
6.3.4.

Minimizing the PHEVs’ charging cost

The price of energy for the next period, Eprice, and the next period forecasting
power flow, Pgrid , are used as the two inputs of the real time Mamdani-type fuzzy logic
power flow controller to determine the charging index δp, which will determine the
charging rates of PHEVs at different priority levels. The power flow between the AC
utility grid and the DC system, Pgrid, is described as “negative”, “positive small”,
“positive medium”, “positive” and “positive big”. Similarly, the energy price, Eprice, is
described as “very cheap”, “cheap”, “normal”, “expensive”, and “very expensive”. The
method implemented for defuzzification is centroid based. Within the model, minimum
and maximum are used for “AND” and “OR” operators, respectively.
Table 6.4 Fuzzy Logic Rules
Negative

Positive Small

Positive Medium

Positive

Positive Big

Very
Cheap

Z

P

PB

PB

PB

Cheap

Z

P

P

PB

PB

Normal

N

Z

P

P

PB

Expensive

N

N

Z

P

P

Very
Expensive

NB

N

Z

P

P

pgrid E price
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The output of the fuzzy controller is the index δp, which is used for adjusting the
charging rates of PHEVs in different priority levels. The parameter δP is described as

(a)

(b)

(c)

(d)
Figure 6.7 Membership functions and surface of the logic controller’s rules base. (a)
Power flow; (b) Energy price; (c) Power flow control index, (d) Surface of the fuzzy
logic controller’s rules base.
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“NB”, “N”, “Z”, “P” and “PB”, which stand for negative big, negative, zero, positive and
positive big. The Mamdani-type model based fuzzy rules of the fuzzy logic power flow
controller is given in Table 6.4.
The membership functions of Eprice, Pgrid, δp, and the surface of the fuzzy logic
controller’s rules are shown in figure 6.7 (a), (b), (c), and (d). Using the sign of δp along
with the PHEVs’ priority level, each PHEVs’ charging rate will be calculated, which is
sent to its corresponding bidirectional DC-DC converter. If Pbatt ,i is positive for the ith
PHEV, then the battery of this PHEV will be charged, whereas if Pbatt ,i is negative for the
ith PHEV, then its battery will be discharged.

6.4. Fuzzy logic based PHEV smart charging case studies

In this section, the fuzzy logic based PHEV smart charging algorithms are tested
for two different cases. The first case applied the fuzzy logic controller presented in
section 6.3.3 to a small scale PHEV car park to maximize the utilization of power
generated from a PV farm. The second case applied the fuzzy logic controller presented
in 6.3.4 to a small scale PHEV car park to minimize the PHEVs charging costs.
6.4.1.

Small scale PHEV car park smart charging with maximum utilization of
renewable energy

In this case study, a small scale model of a 300V workplace parking garage
hybrid power system equipped with a 3350 m2 PV panel and 350 parking positions is
used. Each work day around 300 PHEVs will park in the garage from 9AM to 6PM. The
fuzzy logic smart charging controller uses the PV farm output power and the hybrid
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power system power gap as the inputs to maximize the utilization of renewable energy
resources while at the same time limiting the PHEVs’ charging impact.
Charging without smart charging controller
900

PEVs charging power
PV output power

800
700

Power (kW)

600
500
400
300
200
100
0
0
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10

15

20

Time (h)

Figure 6.8 PHEVs charging power without real-time optimal charging control.
Two simulations of the proposed PHEV car park model were done. The first
simulation is the PHEVs’ charging power flow in the parking garage without real-time
charging optimal control. The simulation result is shown in figure 6.8. In this situation,
whenever a PHEV is connected to the parking garage, it will be charged with a 10kW
charging rate and not stop charging until the SOC of its’ battery reaches 80%. From the
simulation it is clear that the peak happens around 9:00 AM because most of the PHEVs
arrive around this time every day. The peak lasts until 3:00 PM, at which point the
charging power decreases sharply since most of the PHEVs’ SOCs have met their
requirement. In the morning, the energy gap between the PHEVs’ charging power and the
PV output power need to be supported by the AC utility grid, which will in turn impact
the AC utility grid. Also, the energy gap in the afternoon will require the car park to

156

inject power to the grid, which may cause variation in the local AC utility grid frequency.
Meanwhile, the power generated by the PV farm is not being fully utilized.
Charging with smart charging controller
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Figure 6.7 PHEVs charging power with real-time optimal charging control
The second simulation contains real-time fuzzy logic charging optimal control.
The simulation result is shown in figure 6.9. In the second simulation, the fuzzy logic
smart charging controller is applied to the system, and the PHEVs’ charging can closely
follow the changing output power from the PV farm. In this way, the car park power
system doesn’t need to absorb or inject too much power to the AC utility grid, which will
limit the impact to the AC utility grid. This is because this hybrid PHEV charging system
is able to support the PHEVs’ power requirements for the entire day with its’ PV farm,
which allows it to avoid being a big load to the AC utility grid. Also, PHEV owners will
pay less since most of the energy used to charge their PHEVs is generated by the
renewable energy sources. At the same time, this smart charging controller will maximize
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the utilization of renewable energy from the PV farm, which will decrease the fossil
energy consumption, and consequently decrease the greenhouse gas emissions.
Based on a comparison of the simulations in this case, with the PV farm short
term output power forecasted by ANN, together with the PHEVs’ power requirements
estimated by the stochastic model, a fuzzy logic smart charging controller can be applied
to maximize the utilization of the PV farm output energy to charge the PHEVs. From the
simulation results, the proposed fuzzy logic control algorithm is capable of getting
enough power from the PV farm to support the PHEVs in the car park while at the same
time limiting the impact of the PHEVs’ charging to the AC utility grid and minimizing
greenhouse gas emissions.
6.4.2.

Small scale PHEV car park smart charging with consideration of local
load and utility grid energy price

In this case study, a small scale model of a 318 V DC workplace parking garage
hybrid power system equipped with a 75 kW PV panel and 350 parking positions is used.
Each work day around 300 vehicles will park in the garage from 9:00 am to 6:00 pm. Of
the 300 vehicles, approximately 60% of them are PHEVs. The fuzzy logic smart charging
controller uses the utility grid hourly energy price and the hybrid power system power
gap as the inputs to minimize the PHEVs’ charging cost while at the same time limiting
the PHEVs’ charging impact.
Two simulations of the proposed PHEV car park model were done. The first
simulation represents the power flow between the utility grid and the DC hybrid PHEV
parking garage without real-time charging optimal control and the second simulation
contains real-time fuzzy logic charging optimal control. Both simulations are under the
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same conditions: same number and types of PHEVs, same departure and arrival times,
same hourly energy price, and same power generated by the PV panels.

Figure 6.8 Hourly power flow from AC grid without optimal controller.
The simulation of the power flow during the daytime and the PHEVs’ SOCs at
departure time from the parking garage without an optimal charging method is shown in
figure 6.10 and Figure 6.11. Whenever a PHEV is connected to the parking garage, it will
be charged with a constant rate of 10 kW. It will not stop charging until the SOC of its
battery reaches 80%. From the simulation it is clear that the peak happens around 9:00
am because most of the PHEVs arrive around this time every day. The peak is near 700
kW and the power flow above 300 kW lasts from 7:30 am to 11:20 am, more than three
and a half hours. After 1:30 pm, the charging stops because all the PHEVs that are parked
in the garage at that time already meet the charging requirement. After 1:30 pm there is
no power flow between the AC utility grid and the parking garage because there aren't
any new PHEVs connected to the parking garage. But at that time, the PV’s output power
is still high while the energy price is cheap. It’s not a good time to sell power to the AC
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utility grid, but the parking garage without optimal charging control doesn’t have any
other option than selling the power. From Figure 6.11 it is clear that all the PHEVs’
SOCs are above 80% at their departure times since all of them are charged with the same
charging rates.

Figure 6.9 PHEVs’ SOCs at their departure time without optimal controller.
The simulation of the power flow during the daytime and the departing PHEVs’
SOC for the parking garage with an optimal fuzzy logic charging controller is shown in
figure 6.12 and figure 6.13. From figure 6.12 it is clear that the peak of the power flow
from the AC utility grid to the smart parking garage is limited to 300kW and the power
flow, which is above 250 kW, only lasts from 9:30 am to 11:20 am and partly in the
afternoon around 4:00 pm, all together no more than two and half hours.
Furthermore, when the energy price is high, the power flow from the AC side will
decrease, which happens around 5:00 pm. Also, when the PV output power is above a
certain amount, power flow from the AC utility grid to the smart charging garage will
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decrease because more PHEVs will be charged from the power generated by the PV.
From figure 6.13 we can see all the PHEVs’ SOCs are above 80% at their departure
times, which also meets the charging requirements.

Figure 6.10 Hourly power flow from the AC grid with optimal controller.
Figure 6.14 shows the variation of a randomly chosen PHEVs’ SOC during the
charging process with the optimal fuzzy logic charging controller. This PHEV is
connected to the parking garage at 8:18 AM, and the departure time is 5:12 PM. When
this PHEV is connected to the parking garage, the SOC is around 28%, and the PHEV’s
owner enters the departure time as 5:30 PM. So the charging system can calculate the real
time average power required for this PHEV. The duration time is long at the beginning of
the day from 8:00 am to 10:00 am so the PHEV's average power requirement is low with
a classification of level 4 or 5. At this time the price of energy is high, therefore instead
of buying power from the AC utility grid, the parking garage uses the energy stored in
this PHEV to charge other PHEVs in the higher levels of priority. This is why the SOC of
the PHEV is decreasing during this period. From 10:00 am to 1:30 pm, the AC utility grid
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energy price is low so more power is bought from the AC side and since δp is positive,
this PHEV’s charging rate is positive. However, the duration time is still long so the
priority level is low and the charging rate is low. The priority levels increase at around
2:00 pm, when its departure time is near. At this time the charging rate is higher than
before. This charging rate is maintained until 5:12 pm, when the SOC is already above
80% and the departure time is very close. This PHEV no longer participates in V2G or
V2V power transactions and the SOC remains constant from then on.
This case presented a model of a PHEV workplace car park charging
infrastructure with a grid-connected hybrid DC power system involving renewable
sources. To forecast the next period power flow, accurate PHEV and PV power stochastic
models were developed. The fuzzy logic power flow controller was designed to control
the real-time power flow. A new power dispatch method based on PHEV priority levels
and a real-time PHEV charging algorithm was developed. The simulation results show
that the optimal power flow control algorithm can maximize the utilization of PV output

Figure 6.11 PHEVs’ SOCs at their departure time with optimal controller.
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power for charging of PHEVs and simultaneously greatly decrease the impacts on the
grid. At the same time, the PHEVs’ SOCs at their departure times are all above the
charging requirement. The system presented in this case benefits both the AC utility grid
and PHEV owners.

Figure 6.12 PHEV’s SOC change during the smart charging process.

6.5. Fuzzy logic smart charging controller for a medium scale PHEV car park

In this section, the charging process for a medium scale PHEV car park in a
workplace such as a university campus which contains 1500 parking spaces is studied.
This car park is an IEEE 69-bus radial distribution system with feeder voltage of 12.66
kV and total load base case of 3.82 MW and 2.85 MVar. We assume that 60% of the
1500 vehicles parking daily in this car park are PHEVs. These 900 PHEVs are the ones
managed in this study. The fuzzy logic smart charging controller uses the AC utility grid
hourly energy price and the hybrid power system’s power gap as the inputs to minimize
the PHEVs’ charging cost while at the same time limiting the PHEVs’ charging impact.
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Both winter and summer local load patterns are used for this case study, and the charging
impact to the distribution system with different PHEV connection points is studied.
6.5.1.

Local daily load consideration

Based on different values of δp, the PHEVs in different priority levels in every
sample will be charged with different charging rates. In order to further limit the impacts
of the charging process of the PHEVs to the AC utility grid, the charging algorithm may
also take into consideration the local load curve. For example, in the winter the daily load
curve has two peaks; the first peak takes place around 9:00 AM and the second peak
takes place around 9:00 PM. Moreover, the load is almost at its minimum around 3:00
PM, so that is the best time to charge the PHEVs if we want to decrease the impact of the
PHEVs to the AC utility grid.
Another index σp will be used to adjust the power flow between the AC utility
grid and the hybrid parking system. This index is designed based on the load curve at the
main feeder. When the load demand is relatively low, below 60kW in our design, we
don’t need to consider the local load and the charging rate will just be dependent on δp,
which is the output of the fuzzy controller depending on the PHEVs’ demand and the
energy tariff. If the load demand is between 60kW and 80kW, σp will be decreasing
linearly from 1 to 0.9. When the load demand exceeds 80kW, the local load is high and
near the peak, so a quadratic equation with 0.9 at load 80kW and 0 at load 100kW will be
used, which can limit the impact from the charging parks to the AC utility grid by
decreasing the charging rate. This is mathematically represented by:

164

1

 P    0.5PˆL  1.3
 ˆ 2
  PL  2.7 PˆL  3.7

where,

P̂L

, PˆL  0.6
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(6.14)

L

is the normalized load data. After obtaining σP, the final charging rates for

PHEVs in different priority levels can be achieved by using the following set of
equations:
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PHEV uncontrolled charging impact to the AC utility grid

In order to examine the operation of the developed real-time energy management
algorithm, the IEEE 69-Bus Radial Distribution System was used. Figure 6.15 shows a
single line diagram of this system which includes 69 buses and 7 lateral branches. The

Figure 6.13 69-Bus Radial Distribution Test Feeder.
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feeder voltage is 12.66 kV and the total load in the base case is 3.82 MW and 2.85 MVar.
Load flow calculations in the base case present 4.03 MW and 2.85 MVar power infeed
from the external grid and a minimum voltage of 0.9 p.u. at bus-54. The network loss is
0.23 MW or 5.7% of the total system active power. In order to study the behavior of the
developed algorithm under the daily load characteristic we defined typical daily load
curves for summer and winter, which are obtained from the Florida Electric Utility as
shown in figure 6.16. Because the vast majority of customers in Florida are residential,
peak demand in the summer season begins to climb in the morning, peaks during the
hottest part of the day (4:00 PM), and levels off as the evening approaches.
This usage pattern corresponds to the increase of loads due to air conditioning for
residential customers. In the winter season, the usage pattern has two distinct peaks: a
larger one (8:00 AM) in the mid-morning and a smaller one (8:00 PM) in the late
evening, which correspond to residential heating loads. In order to hold a consistent
comparison of the cases under study, it is assumed that the normalized summer and

Figure 6.14 Florida’s normalized summer and winter daily load curves
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winter curves have the same daily peak and the same daily energy consumption (kWh).
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Figure 6.15 (a) 69-Bus daily voltage profile with no PHEVs for summer load (b) 69-Bus
daily voltage profile with no PHEVs for winter load.
Therefore, we made a small change in winter curve to have the same integration
as the summer curve during a 24-hour day. The PHEVs’ daily consumption in both cases
is intended to be 11.453 MWh. This amount of load is 15.5% of the total load before
adding PHEVs (73.78 MWh). Figures 6.17 (a) and (b) show the voltage profile in all
buses for 24 hours. The minimum voltage of the summer load happens at bus-54 at 4:12
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PM. Similarly, the minimum voltage of the winter load occurs at the same bus, but at
8:24 AM. The real time energy management algorithm was implemented in different
cases with different techniques as follows:
Case A. All PHEVs are connected to bus-20

In this case all of the PHEVs are connected as an integrated car park to bus-20.
Without any optimization this lumped load has the daily curve as shown in figure 6.18
with a solid line.
The daily peak is 3.383 MW which occurs at 9:10 AM. Without any energy
management procedure some buses at the ends of the feeders experience high voltage
drop, i.e. 0.751 p.u. with summer load and 0.72 p.u. with winter load characteristics,
which are shown in figure 6.19 and figure 6.20. This drop may harm the sensitive loads
on the distribution feeder and needs to be improved by using the developed real-time
energy management algorithm. In this section we used the optimization procedure
described in section IV. The daily active power consumption of PHEVs is show in figure

Figure 6.16 PHEVs daily load profile in with no optimization and different
optimization objectives
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6.18 with a Dash-Dot curve. As can be seen, the PHEVs’ consumption is distributed in a
long hourly-based manner and the peak of the load is decreased considerably and shifted
to 11:00 AM. The voltage daily profiles are also shown for summer and winter loads in
figure 6.22 and 6.23 respectively, which present better voltage behavior during 24-hour
operation. Not only voltage is affected by using the developed real-time energy
management algorithm, but also the feeder losses decreased from 6.89% to 5.66% in
summer and from 7.15% to 5.33% in winter load.
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Figure 6.19 Daily voltage profile without real-time energy management algorithm for
summer load.
Since the winter power losses improved more than summer losses, the results
show that the performance of the real-time energy management algorithm is dependent
on the feeder load curves as well. Therefore, the load curves of summer and winter loads
of this feeder have been included in the real-time energy management algorithm as
described previously. The results of the real-time energy management algorithm are also
demonstrated in figure 6.18 with consideration of the summer and winter load
characteristics in the energy management process. As shown in figure 6.16 the peak load
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of summer occurs at 4:00 PM. Therefore, by considering the load curve, the real-time
energy management algorithm tries to put less loading stress around this time which is
obvious in figure 6.18 as a long-dash curve. Accordingly, for the winter load curve with
two peaks, the main one at 8:00 AM and minor one at 8:00 PM, the real-time energy
management algorithm tends to charge the PHEVs after the first peak and before the
second peak. The daily voltage profiles improved in these cases and are similar to figures
6.21 and 6.22.

Voltage (p.u.)

1

0.9

0.8

0.7
30
20
10
0

Time (Hour)

0

20

40

60

80

100

Bus Number

Figure 6.17 Daily voltage profile without real-time energy management algorithm for
winter load.
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Figure 6.18 Daily voltage profile with real-time energy management algorithm for
summer load.
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Figure 6.19 Daily voltage profile with real-time energy management algorithm for winter
load.
Case B. All PHEVs are distributed equally to 5 buses

In order to study the effect of the PHEVs’ load distribution in a radial distribution
feeder, all the PHEVs were distributed equally at buses 20, 30, 41, 48 and 67.
Therefore, the same amount of load which was considered in the previous case is
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Figure 6.20 Daily voltage profile with real-time energy management algorithm
considering energy function and summer load curve
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Figure 6.21 Daily voltage profile with real-time energy management algorithm
considering energy function and winter load curve.
equally distributed at these nodes and the real-time energy management algorithm uses
the PHEVs’ same daily distribution curve and feeder total daily load curve to manage the
PHEVs charging process. The results with the real-time energy management algorithm
are similar to the previous cases for the summer and winter optimized daily load curves.
The 24-hour daily load-flow results in better voltage profiles, which are shown in figure
6.23 and 6.24 for summer and winter loads, respectively.
The real-time energy management algorithm objective function is based on
energy by considering the feeder load characteristics. The voltage profiles in this case are
similar to the feeder main profiles before connecting PHEVs, i.e. Figure 6.17 (a) and (b).
Table 6.5 presents a summary of the results for all cases studied in this chapter.
Obviously, the feeder total losses and voltage profile improved in this case as well. For
example, in the summer load case, the feeder total loss decreased from 5.59% to 4.53%.
Case C. All PHEVs are distributed equally to 10 buses

In this last case, all the PHEVs are distributed equally among ten buses in order to
study the PHEVs’ parking distribution effect in the radial feeder. These nodes are: 20, 26,
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30, 34, 41, 48, 54, 58, 67 and 90. Similar to the previous case, the real-time energy
management algorithm will improve the system voltage profiles. The response will be
even more similar to the previous case and is comparable to the case with no PHEVs. The
results of minimum voltage, total loss of feeder, and its maximum loading and peak hours
are also presented at Table 6.5. They illustrate that increased distribution of PHEVs no
longer has a significant effect on radial distribution system parameters.

6.6. Conclusion

In this section, a real-time energy management algorithm for PHEVs charging in
grid-connected smart charging parks based on charging priority levels was developed.
The developed algorithm allows V2G and V2V functionalities and aims at minimizing
the total cost of charging by handling the charging rates of the PHEVs. An advantage of
the developed algorithm is that the charging rates of the PHEVs during their parking
period are varying according to their state of charge. A Fuzzy agent was used as a
component within the developed algorithm. Energy tariff, load demand and PV output
power profiles are elements within the algorithm. The performance of the developed
algorithm was tested by simulating its implementation on a charging park connected to
the IEEE standard 69-bus system at different penetration and distribution levels. The
results show a reduction in the overall cost of charging as well as a significant
improvement in the voltage profile and the losses in the system. This algorithm is easy to
develop and implement because it is not based on an optimization technique, allowing
several objectives to be targeted simultaneously.
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7. Economic Analysis of Real-time Large Scale PEV Network Power Flow Control
Algorithm with the Consideration of V2G Services

Like the plug-in hybrid electric vehicles (PHEVs,) plug-in electric vehicles
(PEVs) also have battery banks and can be charged by connecting to the utility grid. But
PEVs derive all their power from their battery packs and thus have no internal
combustion engines, fuel cells, or fuel tanks. Therefore, compared with PHEVs, PEVs
are cleaner with almost zero greenhouse gas emissions. Because of only depending on
electric power, PEV battery banks capacities are usually much larger than PHEV battery
bank capacities. For example, Tesla Model S PEVs are equipped with an 85 kWh battery
pack, and the 2015 Nissan Leaf PEVs are equipped with a 24kWh battery pack.
Therefore, without proper control, PEVs can bring more serious impact to the utility grid
compared with PHEVs. On the other hand, if smartly regulated, a PEV network with
several PEVs can provide more powerful vehicle to grid services.

7.1. Introduction

PEVs are gaining much popularity due to the global call for clean energy. PEVs
are expected to have a major impact in the auto industry given advantages in city
pollution, less dependence on oil, and expected rise in overall transportation efficiency.
World governments are pledging billions to fund development of PEVs and their
components. The U.S. has pledged US$2.4 billion in federal grants for PEVs and
batteries. China has announced it will provide US$15 billion to initiate an electric car
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industry. Based on the annual energy review report from the U.S. Energy Information
Administration, in 2011 more than 80% of the energy consumed in the USA was
generated by petroleum, natural gas, and coal. Renewable energy sources supplied no
more than 8% of the total energy. At the same time, transportation consumed 28% of the
total energy [104]. Therefore, the use of renewable energy to charge PEVs will be an
attractive choice, particularly if customers would pay less by driving PEVs and gain
benefits by involving their PEVs in the V2G services such as grid frequency regulation
and reactive power support [145].
Recently, several researchers have proposed ideas and models that are related to
PEV charging optimization and economic analysis of V2G services. In [84], [136] and
[146], load management solutions for coordinating the charging process of multiple PEVs
in a smart grid system based on real-time minimization of the total cost of generating the
energy plus the associated grid energy losses were proposed. However, they did not
consider the inclusion of a renewable energy source in the system. This holds the
implementation of these algorithms back since the concept of PEVs is linked to obtaining
the power to charge them from renewable energy [130]. In addition, the control strategy
considered charging priority level, but the level is based on how much the owner of the
PEV is willing to pay, not the state of charge (SOC) of the PEVs’ batteries. In [78] and
[81], intelligent methods for scheduling the use of available energy storage capacity from
PEVs are proposed. The batteries on these PEVs can either support power to the grid
when parked, known as the V2G concept, or absorb power from the grid. However, the
details about the energy dispatch during charging and V2G process were not given. Also,
the SOCs of the PEVs’ batteries were not considered during the process. In [59], a fuzzy
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logic controller was used to optimize the charging process of a small group of PEVs in a
car park infrastructure. V2G and V2V services are realized, but the economic analysis of
the proposed model was not given. Also, the renewable energy farm scale is not
optimized. Therefore, it is left unclear whether joining the V2G will bring benefits to the
customers or not. In [147] and [148], economic assessments on V2G frequency regulation
with the estimation of achievable power capacity from PEVs for V2G frequency
regulation and battery degradation were studied based on four different penalty cases.
However, those models only considered a system with 1000 PEVs, and the charging of
PEVs only considered the achievable power capacity and contracted power capacity for
frequency regulation. The real charging process was not simulated. Therefore, the
proposed model can’t guarantee that the SOCs of the PEVs’ batteries will be above a
certain level at the next departure time, which may influence the customer’s driving
behaviors.
In this chpter, the economic analysis of a real-time large scale PEV network
power flow control algorithm for charging impact limitation and V2G services was
studied. An optimization process for a renewable energy farm with both solar and wind
energy by using a genetic algorithm (GA) is given. The studies included both the
feasibility and economic analysis. This chapter is organized as follows: in Section 7.2, the
large scale PEV network potential application for grid secondary frequency regulation is
analyzed. Section 7.3 gives the overall description of the large scale PEV network model.
Section 7.4 analyzes the large scale PEV network energy consumption. The analysis of
annual local load pattern, renewable energy resources pattern, and grid frequency
regulation signal together with the methodology of optimal renewable energy farm design
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for charging the PEV network is given in Section 7.5. Section 7.6 presents the fuzzy logic
based smart charging algorithm for PEV networks with the consideration of maximum
utilization of renewable energy resources and regulating the grid frequency. The overall
system economic analysis model is described in Section 7.7. Section 7.8 gives the
simulation results of a case of study of a 50,000 PEV network in the South Florida power
system and analyzes the economic effects. Finally, a conclusion of this chapter is
presented in Section 7.9.

7.2. Large Scale PEV Network V2G secondary control potentials

Secondary control typically includes the balancing services deployed in the
“minutes” time frame. This control is accomplished using the Balancing Authority’s
control computer and the manual actions taken by the dispatcher to provide additional
adjustments. Secondary control also includes initial reserve deployment for disturbances.
Secondary control maintains the minute-to-minute balance throughout the day and is used
to restore frequency to its scheduled value, usually 60 Hz, following a disturbance.
Secondary control is provided by both spinning and non-spinning reserves. The most
common means of exercising secondary control is through Automatic Generation Control
(AGC). AGC operates in conjunction with Supervisory Control and Data Acquisition
(SCADA) systems. SCADA gathers information about an electric system, in particular
system frequency, generator outputs, and actual interchange between the system and
adjacent systems. Using system frequency and net actual interchange, plus knowledge of
net scheduled interchange, it is possible to determine the system’s energy balance with its
interconnection in near-real-time. AGC computes an area’s Area Control Error (ACE)
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from interchange and frequency data. ACE tells whether a system is in balance or needs
to make adjustments to generation. AGC software, while observing ACE, automatically
determines the most economical output for generating resources while observing energy
balance and frequency control, usually by sending set points to generators. Some
generators also use pulse-accumulator methodology to derive a set point from pulses sent
by AGC, but these have become less common over time.

Figure 7.1 Secondary control power reserve VS system power.
Secondary control should have a response timeframe of 30s-10minutes, and the
relationship between the secondary control reserve capacity and the system capacity is
shown in figure. 7.1.
For a PEV network with a large number of PEVs in a big area like South Florida,
if the PEVs charging power requirement and SOCs are monitored by a central aggregator
which plays the role of the SCADA system, then the PEV network can be involved in the
secondary control reserves for the utility grid. Compared with conventional load, PEVs can
not only dramatically reduce the charging power in a very short time, but also can act as
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energy sources that inject energy to the grid. Therefore, PEV networks can play an important
role in the future large area utility grid frequency secondary control.

7.3. Large Scale PEV Network Model

A diagram of the system under study is as shown in figure 7.2. The PEVs can be
connected to the utility grid through power electronic chargers on both the AC and DC
sides. The diagram of a hybrid AC-DC power system involving renewable energy
sources and a PEV network is shown in figure 7.3. It consists of several power plants, a
local load, a PEV network with a certain number of PEVs, and a renewable energy farm
with both wind turbines and PV panels that can supply enough energy for the PEV
network. Also, the system has a central control aggregator which acts as the SCADA
system and uses the collected next period forecasting information such as the renewable

energy farm output power, the local load, and the total power needed by the PEV
network, together with the frequency regulation information to manage PEV charging,
regulate the frequency of the utility grid, and balance the power flow through wireless
communication in this area. The PEVs are all connected to the grid through a level-2
charging station, either in public areas or at home. To minimize the air pollution, the
energy consumed by the charging of PEVs should be supplied by the renewable energy
farm. Additionally, a smart charging algorithm was designed to manage power flow in
order to limit the impact PEVs have on the utility grid during the charging process and
increase revenue through V2G services. To fulfill all of these requirements, high accurate
PEV power requirement stochastic model, unit renewable energy sources output power
analysis model, and local load forecasting model are needed. Furthermore, discharging a
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PEV’s battery during the V2G service degrades both its lifetime and the capacity.
Therefore, an economic analysis model is needed to estimate the daily and annual
revenues in order to verify that the income compensates for the battery’s degradation
costs.

Figure 7.2 Overview of the proposed PEVs network charging system with renewable
resources

7.4. Analysis of Large Scale PEV Network Energy Consumption

The PEV network model contains a certain amount of PEVs with different sizes,
battery capacities, and energy consumptions per mile. The specific detail is shown in
Table 7.1. Whenever a PEV is connected to the grid, the owner is requested to set the
next departure time, and the system will make a record. At the departure time, the SOC of
the battery is expected to be above 80%. Therefore, during the following period before
the departure time, these PEVs can either be charged or discharged based on the grid’s
power flow, renewable energy sources output power, and frequency regulation
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Table 7.1 Parameters for PEVs In Different Size
PHEVs model

Percentage

Battery capacity (kWh)

Energy consumption
per mile (kWh/mile)

compact sedan

32.5%

20-35

0.2

full-size sedan

37.5%

40-65

0.3

20%

55-80

0.45

10%

75-110

0.6

mid-size SUV
or pickup
full-size SUV
or pickup

requirement. For protection reasons, during the V2G service, the SOC of the batteries
shouldn’t go below 20% [14].

Figure 7.3 PEVs charging hybrid AC-DC power system
The estimated power demanded by each individual PEV  pˆ PEV ,i  can be represented
by equations (7.1) and (7.2), respectively during the daytime and nighttime.
PˆPEV ,i 

Mˆ d  E m
2 ( Dˆ w t  Aˆ w t )

(7.1)

PˆPEV ,i 

Mˆ d  E m
2 ( Dˆ ht  Aˆ ht )

(7.2)

182

where
Â ht

is the estimated home arrival time, PEVs are connected to the grid,

Â wt

is the estimated workplace arrival time, PEVs are connected to the grid,

D̂ ht

is the estimated home departure time, PEVs are disconnected from the
grid,

D̂wt

is the estimated workplace departure time, PEVs are disconnected from
the grid,

Em

is the energy efficiency for the PEV (miles/kWh),

M̂ d

is the estimated number of miles driven daily (mile),

PˆPEV ,i

is the estimated ith PEV power demanded (kW).

To obtain the stochastic model of
D̂wt , Â ht and Â wt

PˆPEV

,i

, the distribution functions of

M̂

d

, D̂ ht ,

should be found first. Based on driving pattern statistics in the USA,

the average yearly total miles driven in USA is 12,000 miles with 50% of drivers driving
25 miles or less per day, and 80% of drivers driving 40 miles or less per day [149].
Therefore, a log normal distribution with µm=3.37, σm=0.5 was selected to approximate
the probability density function (PDF) of Md. Also, based on the Central Limit Theorem
(the conditions under which the mean of a sufficiently large number of independent
random variables, each with finite mean and variance, will approximately be normally
distributed [144]) the departure time from home to the work place and from the
Table 7.2 Arrival And Departure Times Distribution Parameters
Departure

Arrival
Parameter

Â ht

Â wt

D̂ ht

D̂ wt

µT[h]

18.5

9

8.5

17.5

(σT)2[h]

1.2

1.5

1.2

1.5
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workplace back home obey normal distribution. The parameters are shown in Table 7.2.
With the PDF of daily duration time and the PDF of daily travel distance, the
power consumptions of each class of PEVs was computed using the statistical
distribution fitting toolbox in Matlab and Monte Carlo simulation. With 50,000 samples,
the PDF of constant power needed by each PEV when it is connected to the grid, P̂PEV ,
was found as an inverse Gaussian distribution with µp=1.573 and λp=3.652. The
distribution function for P̂PEV is given in equation (7.3).
f X ( x,  p ,  p ) 

p
2 x 3

exp{ 

p
2 p x
2

( x   p ) 2 }.

(7.3)

Following the evaluation of the probability distribution function of P̂PEV , the
forecasting model of the power needed by PEVs in this network system was built. For
instance, at a certain time t, the SOCs of the PEVs already connected to the grid and their
power requirements are already known. Therefore, in order to forecast the power needed
by the PEVs which will be connected to the grid during the upcoming period T, the
following equation (7.4) can be used.
Pˆupcoming 

where



f At x ,  At ,  At

t T

t







f At x ,  At ,  At dt  NP  p PEV _ avg ,

is the PDF of grid connecting time A t ,
is the total number of PEVs in the PEVs network,

NP
PˆPEV





_ avg

is the average constant power requirement for all PEVs when
they are connected to the parking lot. PˆPEV _ avg can be
calculated from the PDF of P̂PEV .
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(7.4)

7.5. Analysis of Annual Local Load Pattern, Renewable Energy Resources
Pattern, and Grid Frequency Regulation Signal
7.5.1.

Local load pattern analysis

The one year weekday South Florida load curve, summer load curve, and winter
load curve are shown in figure 7.4 (a), (b) and (c). In summer, there is only one peak
during the whole day, which happens around noon. This is due to the power consumption
of air conditioners. In winter time, there are two peaks, one in the morning and one in the
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Figure 7.4 South Florida local load and frequency pattern: (a) load pattern of the year, (b)
summer load pattern, (c) winter load pattern, (d) frequency regulation pattern.

185

afternoon. These load peaks occur because of cooking in the household. Based on the
data, back-propagation neural network (BPNN) was used to forecast the hourly load.
Since this chapter is not focused on load forecasting, the details of BPNN model are not
covered.
7.5.2.

Grid frequency regulation analysis

The one day frequency regulation data from Pennsylvania-New Jersey-Maryland
Interconnection (PJM) on July 1st 2010 is shown in figure 7.4 (d). The maximum power
variation is 13MW, around 1.1% of the forecasted load peak for the day. This value is
appropriate for secondary frequency control regulation.
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Figure 7.5 Historical wind data for one day and one month.
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Time (Hours)

7.5.3.

Renewable energy resources pattern analysis

In order to optimize the size of the renewable energy farm to support enough
power to the PEV network, historical solar irradiance and wind speed data are analyzed
together with the daily PEV network energy consumption. In this chapter, the wind and
solar data for the year 2007 in South Florida was used. The one year average daily solar
irradiance data and daily solar irradiance data in August 2007 is shown in figure 7.5 (a)
and (b). The one year average wind speed data and daily wind speed data in August 2007
is shown in figure 7.5 (c) and (d).
The daily energy generated by the solar panels can be calculated by using
equation (7.5), in which A is the solar panel size, u(t) is the solar irradiance and β is the
solar panel efficiency. In this model β = 22%.
E sloar  A   

t  24

t 0

u (t )  tdt

(7.5)

For the output of the wind farm, a General Electric 1.5-MW turbine model 1.5sle
[150] is used to determine the output power generated by the wind under different wind
speed situations. The total daily energy output from the wind farm is calculated in (7.6).
Where N stands for the number of wind turbines, S(t) is the wind speed at time t and
fwind(S(t)) represents the single turbine output power at the time t.
E wind  N  

t  24

t 0

7.5.4.

f wind ( s( t ) )  tdt

(7.6)

Optimal renewable energy farm design for the PEV network

In order to build a renewable energy farm with an energy output that matches the
energy consumption of the PEV network as closely as possible, the cost function
regarding the size of the renewable energy farm is given in equation (7.7).
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f ( A, N ) 



d  365
d 1

A  

t  24

t 0

u (t )  tdt  N  

t  24

t 0

f ( s( t ) )  tdt  tdt  E PEVs ( d )

The best solution is based on a proper A and

N

(7.7)

that can minimize the cost

function (7.7). A Genetic Algorithm (GA) was selected to find the best solution with the
population size set as 20, crossover rate set as 0.8, and mutation rate set as 0.02.
The optimization process is shown in figure 7.6. The optimized renewable farm
should contain 191919.767 square meters of solar panels and 15 units of General Electric
1.5-MW turbine model 1.5sle to generate enough energy for the PEVs daily
consumption.
Best: 2.07573e+06 Mean: 2.48171e+06
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Figure 7.6 Renewable energy farm scale optimization process for PEV network
charging by using GA.
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Figure 7.7 The flowchart of the developed real time fuzzy logical charging controller

7.6. Fuzzy Logic Based Real Time Energy Management Algorithm with
Consideration of Grid Frequency Regulation Services

To reduce the impact of PEVs charging on the utility grid, PEVs with different
SOCs and power requirements should be charged with different charging rates. The five
charging priorities are shown in Table 7.3. Throughout the day, PEVs’ priorities are
varying based their SOCs and next departure times. In doing so, the PEVs will not be
TABLE 7.3 CHARGING RATES FOR DIFFERENT CHARGING LEVELS
Priority level
Level 1
Level 2
Level 3
Level 4
Level 5

Power requirement

Maximum charging rate

Minimum charging rate

p  15 kW

12kW
12kW
8kW
5kW
2kW

12kW
6kW
0kW
-5kW
-8kW

10 kW  p  15 kW
5 kW  p  10 kW
2 kW  p  5 kW
p  2 kW
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charged at the same rate, which will effectively limit their charging impact. Additionally,
since the PEVs in lower priority levels can be discharged, they can inject power to the
utility grid when the system frequency is below 60 Hz. All PEVs can absorb power from
the grid when the system frequency is above 60 Hz. The flowchart is shown in figure 7.7.
7.6.1.

Fuzzy logic controller design

Since the charging rate of PEVs has no direct relationship with the renewable
energy farm output power and the system’s load and the frequency regulation signal, a
real time Mamdani-type Fuzzy Logic Controller (FLC) was designed to connect them.
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Figure 7.8 (a) Surface of the fuzzy logic controller’s rules; (b) Power flow membership
function; (c) frequency regulation membership function; (d) Power flow control index
membership function.
The frequency regulation signal and normalized grid load flow are used as the
inputs to adjust the charging rate of the PEVs. The output of the FLC is the charging
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index δP, which will determine the charging rates of PEVs at different priority levels
using equation (7.8). The grid power flow Pgird is described as “very low”, “low”,
“normal”, “high”, and “very high”. Similarly, the grid frequency regulation signal is
described as “negative big”, “negative”, “zero”, “positive”, and “positive big”. The
method implemented for defuzzification is centroid based. Within the model, minimum
and maximum are used for “AND” and “OR” operators, respectively. The parameter δP is
described as “negative big”, “negative”, “zero”, “positive”, and “positive big”. The
output δP is in the range of [-1, 1]. The surface of the fuzzy controller’s rules and the
membership functions are shown in figure 7.8 (a), (b), (c) and (d).
 12
9 + 3 × 
P

Pi   4 + 4 ×  P
0 + 5 × 
P

 - 3 + 5 ×  P

7.6.2.

, for level 1
, for level 2
, for level 3

(7.8)

, for level 4
, for level 5

Maximize the utilization of renewable energy sources

As shown in figure 7.7, the grid power flow Pgrid is calculated based on equation
(7.9). Pgrid is calculated by the central aggregator based on the current states of the
components in the network. It shows the power balance situations in the PEV network.
Therefore, if Pgrid is a positive number, then it means the renewable energy farm is
generating more power than the total load requirement, therefore charging rates can be
increased. If Pgrid is a negative number, then the PEV network may need to reduce the
charging rate. However, the charging rate is not only dependent on Pgrid, the utility grid
power balance situation should also take into consideration.
PGrid  PPV  Pwind   Pi  Pˆupco min g  Pload
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(7.9)

Where:
PPV is the forecasted next period solar farm output power. This variable is from
the Neural Network forecasting results.
Pwind is the forecasted next period wind farm output power. This variable is from
the Neural Network forecasting results.
Pi is the charging power requirement for the ith PEV that has already been
connected to the charging network.
P̂upcoming is the forecasted power requirement for the PEVs that will be connected

to the charging network for the coming period. This variable can be calculated by using
equation (7.4).
Pload is a certain percentage of the forecasted next local load. This variable is from
the Neural Network forecasting results.
7.6.3.

Regulating the grid frequency by using the PEV network

The utility grid active power balance situation is reflected by the system
frequency. If the frequency is higher than the rated value, some active power should be
absorbed by the PEV network to decrease the grid frequency. If the grid frequency is
lower than the rated value, the PEV network needs to inject active power to the utility
grid to feed the extra load. Therefore, the grid frequency regulation signal is also used as
one of the inputs for the fuzzy logic control proposed in section 7.6.1.

7.7. Overall System Economic Analysis

The grid frequency regulation service may degrade the battery lifetime and
capacity, so in order to analyze the practical feasibility of the proposed model, an
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economic evaluation plan involving frequency regulation revenue should be established.
Without benefits, the owners of PEVs would be unlikely to let their vehicles join the
network and perform the V2G services. For the PEV network system with the renewable
energy farm, the daily revenue can be calculated by equation (7.10).
R total 



t  24

t0

Pr ( t )  p r , price dt  ( E solar  E wind )  p g , price

(7.10)

where
Pr,price is the unit frequency regulation power rate ($/kWh),
Pg,price is the unit electricity power rate ($/kWh).
The daily cost for the PEV network system involves the cost of energy purchased
for the driving needs of the vehicles, the cost of battery replacement and maintenance,
and the capital cost. The total daily costs of the PEV network can be calculated by
equation (7.11).
C total  C RF  i 1

50 , 000

  i 1

50 , 000

C RF 

(

C b  Bc , i  pinstall , i
Lc  Bc , i  DoD

 M d ,i  E m ,i )
(7.11)

(M d , i  E m , i  p g , price )

Rint erest
365  (1  (1  Ri ))  n

where
Cb

is the unit cost of battery ($/kWh),

CRF

is the daily capital cost ($),

DoD

is the maximum depth of discharge (%),

Em,i

is the ith PEV efficiency (miles/kWh),
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(7.12)

Lc

is the lifetime in cycles,

Md,i

is daily driven mileage for the ith PEV (mile),

n

is the average battery lifetime years,

Pinstall

is the battery installation fee ($),

Rinterest

is the annual interest rate (%).

Since the maximum frequency regulation requirement is no more than 13 MW
during the day and the PEV network can easily support this amount of power, there will
be no penalty issues. Therefore, the PEV smart charging network’s daily income can be
calculated simply by using Rtotal minus Ctotal. This is just a simplified economic analysis
model with the assumption that unit electricity rate is constant during the whole day.
However, in reality the electricity rate is varying with time, higher during the load peak
period and lower during the load valley time. The smart charging algorithm can limit the
charging impact of PEVs to the grid. This results in PEVs having higher power charging
ratings during off-peak periods and lower power charging ratings during peak periods
with the ability to inject power back into the grid. Therefore, the real cost should be lower
than the result calculated by equation (10). Additionally, this chapter doesn’t take other
types of V2G auxiliary services such as spinning reserve, voltage regulation, and reactive
power compensation into consideration. Therefore, the real revenue should be higher than
the estimated results obtained from the proposed model. The complex economic analysis
will be conducted in future work.
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7.8. System Simulation and Analysis

In order to validate whether the proposed PEV network smart charging algorithm
can earn revenue by limiting the impact of charging PEVs to the grid and regulating the
grid’s system frequency, the proposed 50,000 PEVs network 24-hour charging behavior
was simulated in two cases: charging with and without smart power management. For
general study, the solar irradiance and wind speed data used are the average daily values
in August, 2010, and the local load data used is the average daily value in August, 1987,
South Florida area. The charging index δp was generated by the central aggregator every
6 minutes to adjust the charging rates for the PEVs in the network. For protection
purposes, the SOCs of the batteries should stay above 20%. Also, the SOCs of the PEVs
should be above 85% at the next departure time, which will make sure the V2G service
will not influence the drivers’ driving behaviors.
PEVs charging without smart charging management
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Figure 7.9 Charging of PEV network without smart charging algorithm
The simulation result of the PEV network charging process during a single day
without smart charging management is shown in figure 7.9. This case simulates the 24hour charging process without cooperation between the PEV network and the utility grid.
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Whenever a PEV is connected to the grid, it will be charged with a constant charging rate
of 12kW, and won’t stop charging until the SOC of its battery reaches 85%. As the result
shows, the charging of the PEV network greatly impacted the utility grid by increasing
the load peak from 1180 MW to 1276 MW. The charging of PEVs brought two load
peaks which happened around 9 AM and 18 PM respectively. This is due to PEVs’
charging after periods of travelling from home to the work place in the morning and from
the work place back home in the afternoon. Also, we should notice that there are no
charging behaviors during the night hours (22 PM to 6 AM), because the PEVs were
already charged and the SOCs of the batteries were already above the limit of 85%.
Therefore, the PEV network couldn’t help the utility grid fill the valley. Also, the
charging of the PEVs could be more expensive since in reality the electricity price is
usually high during the load peak hours and low during the load valley hours.
Charging of PEVs with smart charging management and frequency regulation service.
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Figure 7.10 Charging of PEV network with smart charging algorithm
The simulation result of the PEV network charging process during a single day
with smart charging management is shown in figure 7.10. In this case, the proposed real
time smart charging management algorithm was applied to the PEV charging process.
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The charging of PEVs was distributed throughout the day, so instead of being charged
randomly, the PEVs are smoothly charged in a well-organized manner. Additionally,
most of the charging processes occurred during the load off peak period. The grid load
peak with PEVs is only 1215 MW. Figure 7.10 also shows the frequency regulation
capability of the proposed system. The positive regulation power means the power
generated in the utility grid is less than the system load, which will cause the system
frequency to decrease. Therefore, extra power is needed to inject to the utility grid from
the PEV network to regulate the system frequency back to 60 Hz. On the contrary, if the
frequency regulation power is negative, the PEV network is used to absorb the extra
power in the utility grid to decrease the frequency rate back to the normal value. The
simulation results show that the proposed system can properly follow the frequency
regulation signal and help the grid adjust the system frequency.
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Figure 7.11 24-hour PEV network income
For the economic analysis of the proposed model, simulations for a single day and
for an entire year are done based on equations (7.10) to (7.12) in MATLAB. In the
simulation, for simplification, the unit electricity rate and unit frequency regulation rate
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are set constant as 0.04$/kWh and 0.06$/kWh during the whole day. The battery unit cost
is set as 689 $/kWh, maximum depth of discharge is set at 80%, average battery lifetime
is 10 years, and annual interest rate is 5%. Figure 7.11 shows the simulation result of the
24-hour PEV network income based on case two. Because of the V2G service and the
energy generated by the renewable farm, the income is always above zero, which means
the proposed system will keep earning money. The income for this single day is
$152,450. The peak of the income appears around noon since in this period the PV panels
in the renewable energy system generate more power. Another reason is that during noon,
most of the PEVs’ batteries have already been charged over a certain level. They stop
charging with high charging rates and begin involving more in the V2G services.
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Figure 7.12 One year PEV network daily incomes
To cover all the different cases in practical situations, an economic analysis of the
simulation results for an entire year of the proposed model is shown in figure 7.12. In this
simulation, the one year data of solar irradiance, wind speed, local load power flow, and
frequency regulation was used to estimate the annual income. The simulation results
show that the proposed PEV network and the scheduled renewable farm can earn benefits
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every day throughout the year. Because of variances in the solar irradiance and wind
speed, the daily incomes are varying from below $50,000 to above $250,000. The annual
income is $49.463 million. The annual income is the net margin for the PEV network and
its customers. The battery replacement fee and the degradation cost have already been
covered. The annual income can be used to compensate for the establishment cost of the
renewable energy farm and to pay customers to encourage them to join their PEVs into
the PEV network and participate in the V2G services. By doing this, more PEVs will join
the smart charging PEV network in the future. This will boost the development and
utilization of renewable energy while at the same time increasing the stability of the
power system.

7.9. Conclusion

In this chapter, the economic analysis of a real-time smart charging algorithm for
50,000 PEVs in a network with the consideration of V2G frequency regulation service
was studied. A real-time energy management algorithm for the PEV network with
renewable farm based on charging priority levels was proposed. The algorithm aims at
minimizing the PEVs’ charging impact to the utility grid while at the same time
regulating the frequency of the grid. The charging rates of the PEVs during their parking
period are varying according to their state of charge. A fuzzy logic agent was used as a
component within the developed algorithm. An economic model was built to estimate the
daily and annual income of the proposed system with the consideration of battery
degradation. The performance of the developed algorithm and the economic analysis of
the whole model were tested by simulation. The economic analysis of the proposed
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system shows the capability of bringing considerable benefits to both the network and the
owners of the PEVs.
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8. Bidirectional Energy Transfer and Power Electronics Devices Modeling,
Simulation and Hardware Implementation

8.1. Introduction

Hybrid AC-DC power systems are growing in popularity due to the increase in
micro grids implementing renewable power conversion systems connected to low voltage
AC distribution systems. This growth has also been attributed to the environmental issues
caused by conventional fossil fueled power plants [151]-[153]. Furthermore, DC grids are
resurging due to the development of new semiconductor techniques and sustainable DC
power sources such as solar energy. There has also been an increase in DC loads, such as
plug-in electric vehicles (PEVs) and light emitting diodes (LEDs), connected to the grid
to save energy and decrease greenhouse gas emissions. The PEVs can be viewed as
energy storage devices when they are parked in a garage, allowing them to increase the
stability and efficiency of the micro grid they are connected to. One of the major
technical challenges in micro grids is the interconnection of a pulse load which can cause
voltage collapse, oscillation of the angular velocity in the generators, and degradation of
the overall system performance.
Researchers have proposed several ideas and models relating to renewable energy
sources and storage, ranging from their scheduling and PEV charging optimizations to
the feasibility of PEV vehicle-to-grid (V2G) services [34], [59], [145]. However, these
models only propose the idea without thorough analysis of the of the energy conversion
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between the AC and DC sides. Researchers have also proposed several ideas and models
of AC-DC micro grids [24], [114], [155], but their systems operate without the influence
of critical loads. System stability and coordination control of power electronics devices
during grid-connected and islanding modes with the influence of critical loads is still an
open issue.
At the same time, various utility grids and some hybrid AC-DC power systems
are increasing the penetration of renewable energy resources [156]-[157]. This growth in
renewable sources increased the challenge these systems meet due to the intermittent
nature of wind and solar power. This can quickly add up to system-wide instability that
can force generators to ramp up and down wildly, push grid protection gear into states it’s
not meant to handle, or force the wind and solar generator to shut off altogether [158].
Hybrid power systems face far more challenges when operating in islanding mode than in
grid connected mode. During islanding mode, the AC side can no longer be viewed as an
infinite bus, which results in load variations adversely affecting the frequency and
voltage of the system. If the system has a high penetration of renewable power, the
situation can be even worse. At any time, power flow should be balanced between the AC
and DC sides to maintain stability on both sides of the grid. Also, both reactive and active
power in the AC side of the system should be balanced to keep the frequency and voltage
stable.
This chapter proposes distributed power control for a hybrid AC-DC power
system with a renewable energy source, energy storage devices, and pulse loads. The
proposed hybrid AC-DC power system consists of both AC and DC subsystems with a
synchronous generator and a PV farm as power supplies, respectively. A fully controlled
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bidirectional AC-DC interlinking converter is used to link the AC subsystem with the DC
subsystem. A DC-DC boost converter with maximum power point tracking (MPPT)
function is implemented to maximize the energy generation from the PV farm. A
Bidirectional DC-DC converter is applied to connect the lithium-ion battery bank in the
DC subsystem to act as an energy storage device that serves to increase the system
stability. The detailed power control strategies of different power electronics devices for
the hybrid micro grid operated in grid-connected mode and islanding mode are proposed
and analyzed. Simulation and hardware experiments are done with the mitigation of pulse
loads. The results verify that the proposed topology is coordinated for power
management in both AC and DC subsystems under critical loads with significant
improvement for the system in terms of voltage and frequency stability.
This chapter is organized as follows; hybrid AC-DC power system operation in
grid-connected and islanding modes together with their islanding detection and frequency
regulation methods are presented in Section 8.2. Section 8.3 presents the detailed
description of the topology, control, and hardware design of a bidirectional DC-DC
converter and its real-time experimental verification. The bidirectional AC-DC inverter
topology, vector decoupling control, frequency and voltage control, hardware description
and real-time experimental verification is given in Section 8.4. Section 8.5 shows the
simulation and hardware experimental verification of the proposed hybrid power system
control strategy with the mitigation of critical loads. Finally, a conclusion is given in
Section 8.6.
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Figure 8.1 Hybrid AC-DC micro grid configurations.

8.2. Hybrid AC-DC Power System Operation in Grid-connected Mode and
Islanding Mode

Hybrid AC-DC micro grids comprise low voltage distribution systems with
distributed energy resources, such as photovoltaic power systems and wind turbines,
together with storage devices. These systems are interconnected to the medium voltage
distribution network, but they can be also operated isolated from the main grid.
Figure 8.1 shows the hybrid micro grid configuration where a synchronous
generator, a PV farm, and loads are connected to its corresponding AC and DC sides. The
AC and DC sides are linked through a bidirectional three phase AC-DC converter and a
transformer. The system has constant loads and pulse loads on both the AC and DC sides.
A PV farm is connected to the DC bus as the DC energy source through a DC-DC boost
converter with MPPT functionality. Local synchronous generators are connected to the
AC side. Battery banks are connected to the DC bus through bidirectional DC-DC boost
converters. Pulse loads are connected to AC and DC sides respectively.
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8.2.1.

Hybrid AC-DC power system operation in grid-connected mode

In grid-connected mode, there is a connection between the hybrid power system
and the utility grid. Because of this, the AC bus of the hybrid power system can be
viewed as an infinite bus with constant frequency and voltage amplitude. Therefore, no
regulation is needed on the AC side.
The hybrid power system only needs to control the DC bus voltage at the rating
level. The bidirectional AC-DC inverter takes charge of regulating the DC bus voltage,
and the PV boost converter is operated in MPPT mode to maximize the renewable energy
utilization. Therefore, in grid-connected mode, the energy storage system in the hybrid
power system is not essential since the DC bus voltage is regulated by the bidirectional
AC-DC inverter.
8.2.2.

Hybrid AC-DC power system operation in islanding mode

Islanding operation means that when faults happen in the grid, the micro-grid is
isolated from the remainder of the utility system and distributed generators supply power
to the load. Islanding can be harmful: firstly, due to the islanding area being out of the
grid’s control, the voltage and frequency may be unstable and it will threaten safety
operation of electrical equipment; secondly, the main grid would be impacted when the
micro-grid is reconnected with the main grid.
In islanding mode, the AC bus of the hybrid power system can’t be viewed as an
infinite bus anymore. Therefore, both the frequency and the voltage amplitude need to be
regulated. In this mode, if the system has a slack generator, it will regulate the system
frequency. Otherwise, the bidirectional AC-DC inverter takes charge of regulating the
frequency and voltage amplitude by controlling the active and reactive power,
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respectively. On the DC side, the DC bus voltage also needs to be regulated. Because of
this, the bidirectional DC-DC converter will control the charging/discharging rate of the
energy storage system to make the DC bus voltage stable. Therefore, the energy storage
system plays an important role when the hybrid power system operates in islanding
mode.
8.2.3.

Hybrid AC-DC power system islanding detection and frequency
regulation

The most important feature of hybrid AC-DC power systems is that they have the
ability to be disconnected from or synchronize with the utility grid. Generally, a
transition-to-island mode can be a result of scheduled or unscheduled events. Scheduled
transitions are intentional events for which the time and duration of the planned island are
agreed upon by all parties involved. Unscheduled transitions are inadvertent events that
are typically initiated by the loss of an area of the utility grid or equipment failure, and
the hybrid AC-DC power system needs to be automatically sectionalized from the local
utility grid by islanding protective relay.
For example in figure 8.1, if a fault happens in the utility grid outside the hybrid
AC-DC power system near to the grid connection circuit breaker, the frequency and
voltage of the connection point may dramatically drop in a short time. To protect the
hybrid power system, the breaker is supposed to be disconnected to isolate the hybrid
power system from the main grid.
In the hybrid AC-DC power system, assume the active and reactive power outputs
form the distributed generators are P and Q, and the power loads in the hybrid power
system are represented as R, L and C. Then in islanding operation,
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Where, 0  1/ LC is the syntonic angular frequency and   R C / L is the
power factor of the loads. Equations (8.3) and (8.4) show that the voltage and frequency
may deviate from the rated values when the hybrid power system transfers into islanding
mode because there is generally an imbalance between the generation and the load when
the system is operated in islanding mode. Furthermore, in the hybrid power system AC
subsystem, the change of voltage is related to active power imbalance while the
frequency shift is mainly based on reactive power imbalance. Consequently, over/under
voltage and over/under frequency can be used as the signal to detect islanding.
Another scenario is frequency regulation for hybrid AC-DC power systems in
islanding mode. During islanding operation, if there is an AC generator acting as the
slack generator, then it will take charge of the whole system frequency regulation. No
more than one slack generator is allowed in the hybrid AC-DC power system to avoid
fighting with each other. In this situation, the bidirectional AC-DC inverter can only be
operated in current control mode, which will not regulate the AC side frequency and
voltage amplitude. However, under certain circumstances such as when a fault happens,
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the slack generator may disconnect from the rest of the hybrid power system, which will
make the rest of the system frequency dramatically oscillate. Therefore, the bidirectional
AC-DC inverter needs to detect the frequency variation and convert from current
controlled converter to voltage controlled converter to immediately take charge of the
system frequency and voltage amplitude regulation. However, for hybrid power systems
operated in islanding mode, some pulse loads can also cause huge system frequency
oscillation even if the slack generator is still connected. In this case, the bidirectional ACDC inverter should stay in current control mode, which will prevent it from fighting with
the slack generator.

Figure 8.2 Bidirectional AC-DC inverter frequency regulation enable program
Therefore, for hybrid AC-DC power systems, an effective control scheme should
be designed to control the system voltage and frequency during islanding operation with
pulse load disturbances. In this chapter, a smart islanding detection and modes switching
algorithm is designed for control of the bidirectional AC-DC inverter. The detailed
experimental results are shown in Chapter 10. The proposed system has two kinds of
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pulse loads with 600W and 300W power consumptions. The periods of these two pulse
loads are 1 second. Therefore, the islanding detection algorithm is designed to be enabled
if the frequency variations exceed the limit for longer than 1.2 seconds. The control
program of the frequency regulation is shown in figure 8.2.

8.3. Bidirectional DC-DC Converter Control and DC Bus Voltage Regulation
8.3.1.

Bidirectional DC-DC converter topology

The topology of the bidirectional DC-DC converter is shown in figure 8.3. There
are two switches, D1 and D2. The battery is connected to the left side of the bidirectional
DC-DC converter, which is the low voltage side. The DC bus is connected to the high
voltage side of the converter.
Switches D1 and D2 can’t be operated at the same time. When D1 is operated, the
bidirectional DC-DC converter is working in buck mode. Power flows from the DC bus
to the battery, which is the charging process. When D2 is operated, the bidirectional DCDC converter is working in boost mode, power flows from the battery to the DC bus, and
the battery is discharged.
8.3.2.

Bidirectional DC-DC converter current and voltage control

In grid-connected mode, the bidirectional DC-DC converters only regulate the

Figure 8.3 Topology of the bidirectional DC-DC converter.
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battery banks (or PEVs) charging rates. Based on the SOCs of the battery banks and the
power flow conditions on the AC side, the charging/discharging current references are
generated to regulate the current flow in the converters. Each battery has its own
bidirectional DC-DC converter, which means they can have different charging rates. By
doing this, the battery banks can inject power into or absorb power from the DC bus, and
even transfer energy between different battery banks if necessary. In this case, only one
current control closed loop with PI controller is enough to regulate the current. The
bidirectional DC-DC converter PWM signal is generated through the control block
shown in figure 8.4.

Figure 8.4 Bidirectional DC-DC converter current control program.
The error between the reference current and the measured current is sent to the PI
controller which generates the duty cycle for the IGBT D1 or D2. An anti-windup PI
controller controls the bidirectional DC-DC converter by means of adjusting the duty
cycle, which leads to the proper PWM pulses for triggering the IGBT switch. The antiwindup controller prevents the integrator from accumulating the error, when the
controller output goes to the saturation region, i.e. duty cycle greater than 1 or less than 0.
For protection proposes, the output from the PID controller is limited within the range of
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[0.05, 0.95]. This approach helps the controller to quickly recover from the saturation
region after observing a change in the sign of the error signal.
The switches chosen circuit is shown in figure 8.5. The reference signal is
compared with two very small numbers such as -0.01 and 0.01. If the reference signal is
larger than 0.01, then it works in boost mode, the Relational Operator output is 0, and the
Relational Operator1 output is 1. Because of this, the value after the Product block is
always 0, which is the signal for Switch D1. The signal after the Product1 block is the
PWM signal from port 2, and this signal is finally sent to Switch D2 to make the
converter work in boost mode. If the reference signal is smaller than -0.01, then it works
in buck mode, the Relational Operator output is 1 and the Relational Operator1 output is
0. Because of this, the value after the Product1 block is always 0, which is the signal for
Switch D2. The signal after the Product block is the PWM signal from port 2, and this
signal is finally sent to Switch D1 to make the converter work in buck mode.

Figure 8.5 Bidirectional DC-DC converter switches chosen circuit
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Bi-directional current controlled DC-DC converter transient response
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Figure 8.6 Simulation of bidirectional DC-DC converter current control response
The simulation result of the current controlled bidirectional DC-DC converter is
shown in figure 8.6. The initial reference current is set as -5A. From the simulation we
can see the measured real current can start with -5A without delay and overshot. At time t
= 1 second, the reference current changed from -5A to 5A, and the reference current
changed to -10A and 10A at t = 2 seconds and 3 seconds respectively. The measured
current can closely follow the reference value with almost no overshot or delay during
transient response and with no ripple in steady state.
8.3.3.

Bidirectional DC-DC converter hardware

The PCB based bidirectional DC-DC converter is shown in figure 8.7. The
Table 8.1 Specifications and parameters for Bidirectional DC-DC Converter
Symbol

Quantity

Value

P

Power Rating

2 kW

Vdc

High voltage side voltage

100-450V

Vb

Low voltage side voltage

51.8V-200V

C

High voltage side capacitance

3600 μf

L

Input Inductor

2.2 mH

fs

Switching frequency

10 kHz
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parameters of each component are shown in Table 8.1. This circuit has two
HGTG30N60C3D IGBTs, corresponding to the two switches shown in figure 8.3.
A FOD 3120 Opt coupler is added to the circuit board for protection. Also, the Vinfinity voltage source is used to boost the PWM signal 15V which makes it possible to
drive the IGBTs by using the PWM signal generated from low voltage micro controllers
whose output voltage is only 3.3V or 5V. Protection fuses are also added to the design.
The current is limited from -10A to 10A to make the power flow within 2kW, which is
enough for laboratory scale usage. The input inductor (L) value was selected such that the
boost converter operates in the continuous conduction mode, while its capacitor was
designed such that the output ripple does not exceed 5%.

Figure 8.7 Bidirectional DC-DC converter hardware circuits.
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Bi-directional DC-DC converter current control
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Figure 8.8 Bidirectional DC-DC converter current control experimental result.
8.3.1.

Real time hardware experimental verification

A hardware experiment of controlling the bidirectional current flow was done to
verify the performance of the bidirectional DC-DC converter. The low voltage side is
connected with a lithium-ion battery bank with terminal voltage of 51.8 V. The high
voltage side of the converter is connected to the DC bus with a voltage of 120V. The
hardware experimental result of the bidirectional DC-DC converter current control is
shown in figure 8.8. The battery was discharged with a -4A reference charging signal at
the initial time. The charging signal was changed to -3A, -2A, -1A, 0A, 1A, and 2A, at t
= 1.3, 1.75, 2.45, 3.05, 3.9, and 4.85 seconds respectively. From this hardware
experiment it can be seen that the current flow through the bidirectional DC-DC
converter can closely follow the reference charging signal with a fast response and no
overshot. The current ripple generated by the switching of the IGBTs is at an acceptable
range in the steady state.
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This bidirectional DC-DC converter can be used as the charger for lithium-ion
battery banks. It can also be viewed as a PEV charger that has the ability of injecting
power from the battery to fulfill the V2G functions. Furthermore, the designed
bidirectional DC-DC converter can be controlled by microcontrollers with wireless
communicators. Then the power flow through this converter can be remotely controlled,
which can be used for managing the charging process of further large PEV networks as
proposed in Chapter 7. The detailed bidirectional DC-DC converter remote control is
given in Chapter 9.

8.4.

Bidirectional AC-DC inverter control and AC Bus Frequency and
Voltage Regulation

The bidirectional AC-DC inverter plays an important role in hybrid AC-DC power
systems in both grid-connected and islanding modes. An important feature of hybrid
power systems is the ability to transfer power between the AC and DC sides. In grid
connected mode, power flow from the AC to DC side is very important to cover any
deficiency in the demand on the DC grid due to normal or pulsed loading. Moreover,
power flow from the DC to AC grid is needed when there is extra power from renewable
energy sources on the DC bus. In islanding mode, power flow between the AC and DC
side of the hybrid power system is used to cover the active and reactive power deficiency
in the demand, which may cause the AC subsystem frequency or voltage amplitude to
drop. Also, the DC side can absorb active or reactive power when there is extra power
from the generator on the AC bus or sudden heavy load disconnection.
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8.4.1.

Bidirectional AC-DC inverter topology

The topology of the three phase full bridge bidirectional AC-DC inverter is shown
in figure 8.9. The inductor L that works as a line filter is mounted between the AC
subsystem and the DC subsystem. The capacitor C is used to depress the DC bus voltage
variations.

Figure 8.9 Bidirectional AC-DC inverter topology
The phase potentials of the AC subsystem are denoted ua(t), ub(t) and uc(t). ω is
the AC subsystem voltage angular frequency. The current flows from the DC side to the
inverter are denoted as ia(t), ib(t) and ic(t), while the DC link voltage and current are
denoted as vdc(t) and idc(t), respectively.
8.4.2.

Bidirectional AC-DC inverter vector decoupling technique

To design and control a bidirectional AC-DC inverter, mathematical models are
important tools for predicting dynamic performance and stability limits. The simplified
model of the bidirectional AC-DC inverter is shown in figure 8.10.
If the AC subsystem is in a balanced state, the AC side of the bidirectional ACDC inverter is modeled by the differential equations for three phases shown in equation
(8.5):
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L

diabc (t )
g
 Riabc (t )  vabc (t )  uabc
(t )
dt

(8.5)

After the vector notation, the equation (8.6) can be written in the ɑβ stationary
frame as:

L

d (t )
g
 Ri (t )  v (t )  u
(t )
dt

(8.6)

Equation (8.6) can be written in the rotating reference frame synchronized with
grid voltage using Park’s transformation such as [159]:
didq (t )
dt

g
 ( R  jL)idq (t )  vdq (t )  udq
(t )

(8.7)

In state space form, the decoupled equation can be written as equation (8.8):

dX
 A  X  B Y
dt

(8.8)

Where the input vector and the state vector are defined as equations (8.9) and
(8.10) respectively:

X  [id iq ]T
Y  [Vd Vq udg uqg ]T

Figure 8.10 Simplified model of the bidirectional AC-DC inverter

217

(8.9)
(8.10)

The input matrix and system matrix are given by equations (8.11) and (8.12):

 R
g 
L

A
  g  R L

(8.11)

0 1
0 
L 1 
1
0
L
L 

1
B L
 0

(8.12)

The DC side of the hybrid power system is modeled by equation (8.13):

Cdc

dVdc(t)
 idc (t)  iL (t)
dt

(8.13)

Therefore, the active and reactive power in the synchronous frame is given by
equation (8.14):




3 g
ud (t )  id (t )  uqg (t )  iq (t )
2
3
Q(t )  uqg (t )  id (t )  udg (t )  iq (t )
2
P(t ) 




(8.14)

The power of the DC side in the hybrid power system is given by equation (8.15):
Pdc  Vdc  idc

(8.15)

The voltage oriented control method is utilized to control the instantaneous active
and reactive power flow through the bidirectional AC-DC inverter by separate controllers
that control the id and iq independently of each other. The control process is as follows.
First, the grid voltages and currents are measured. Next, the phase lock loop (PLL)
detects the phase angle and frequency of the AC bus to help the bidirectional AC-DC
inverter to synchronize with the AC bus. Then the demanded amount of power that needs
to be transferred through the inverter is estimated from the AC side with the desired
power factor. After that, the three phase reference currents in the synchronous frame
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synchronized with the AC bus are calculated. In the end, the current controllers will
r

regulate the actual currents to the reference values. The reference currents i d and iqr can
be calculated from the following equations (8.16) and (8.17):





(8.16)





(8.17)

idr (t ) 

2
u dg (t )  P r (t )  u qg (t )  Q r (t )
g2
3(u (t )  u q (t ))

iqr (t ) 

2
u qg (t )  P r (t )  u dg (t )  Q r (t )
g2
3(u (t )  u q (t ))

g2
d

g2
d

where Pr (t) and Qr (t) are the active and reactive power reference values. In a balanced
three phase AC system, uqg (t ) is equal to zero. Therefore, equations (8.18) and (8.19) can
be rewritten as:
idr (t ) 

2 P r (t )
3u dg (t )

(8.18)

iqr (t ) 

2Q r (t )
3u dg (t )

(8.19)

If the system is operated with unity power factor, the reactive power reference is
zero, and the current references

i dr and i qr can be simplified as equations (8.20) and

(8.21):
idr (t ) 

2 P r (t ) 2  Vdc  idcr (t )

3u dg (t )
3u dg (t )

iqr (t )  0

(8.20)
(8.21)

Based on the state space equation (8.8), the bidirectional output reference voltages
can be calculated as:
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vdr (t )  udj (t )    L  iq (t )  R  id (t ) Udv

(8.22)

vqr (t )  uqj (t )    L  id (t )  R  iq (t )  U qv

(8.23)

where U dv and U qv are the effective voltage commands which can be calculated by using
d

a PI controller as shown in equations (8.24) and (8.25), and k pd , ki and k pq , kiq are the
proportional and integral parameters of the PI controllers for id and iq, respectively.

U dr (t )  k pd [idr (t )  id (t )]  kid  [idr (t )  id (t )]dt

(8.24)

U qr (t )  k pq [iqr (t )  iq (t )]  k iq  [iqr (t )  iq (t )]dt

(8.25)

In this way, the coupling term between the d-q axis is cancelled by the feedforward components   L  iq (t ) and   L  id (t) .
The schematic diagram of the grid connected bidirectional AC-DC converter and
its decoupled active and reactive power control is shown in figure 8.11.

Figure 8.11 Bidirectional AC-DC inverter power control schematic diagram.
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A simulation of the decoupled power control of the bidirectional AC-DC inverter
based on MATLAB Simulink is done to analyze the performance of the decoupled active
and reactive power control. The simulation block is shown in figure 8.12. The system
simulation parameters are shown in Table 8.2.

Figure 8.12 Matlab simulation model for bidirectional AC-DC inverter power flow
control.
The simulation result is shown in figure 8.13. The initial active power is set as
100W and reactive power is set as 0W. At t = 0.2 seconds and 0.4 seconds, the active
power reference signal is changed to 300W and -300W, respectively. At t = 0.6 seconds,
the active power reference is changed to zero, and the reactive power is set as 200W. At t
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= 0.8 seconds, the reactive power is changed from 200W to -200W. From the simulation
we can see the active and reactive power can be independently controlled. Also, the
controller can regulate the active and reactive power individually with fast response and
small overshot.
8.4.3.

Bidirectional AC-DC inverter frequency and voltage control

As mentioned before, for bidirectional AC-DC inverter active and reactive power
decoupled control, the most important step is to get the reference current signals for id
and iq. Since the active and reactive power can be completely decoupled by controlling id
and iq, the voltage and frequency controller can be designed by using another control
loop to generate the reference signals for id and iq.
To regulate the DC bus voltage, id can be used while at the same time iq is set to
zero. The id reference signal can be calculated by using a PI controller as shown in
equation (8.26).

idr (t )  k pdc [Vdcr (t )  Vdc (t )]  k idc  [Vdcr (t )  Vdc (t )]dt

(8.26)

r

Where Vdc(t) and Vdc(t) are the reference and measured DC bus voltage, and k pdc
dc

and k i are the proportional and integral parameters of the PI controller.
To regulate the AC bus voltage frequency and amplitude, both id and iq need to be
controlled. Active power imbalance will cause AC side frequency variations and the
imbalance of reactive power will cause AC side voltage amplitude variations. Two PI
controllers are used separately to control the system frequency. The id and iq reference
signals are calculated by using equations (8.27) and (8.28):
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Figure 8.13 Bidirectional AC-DC converter active and reactive power decoupled control
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idr (t )  k pdf [ f r (t )  f (t )]  k idf  [ f r (t )  f (t )]dt

(8.27)

r
r
iqr (t )  k pqv [Vrms
(t )  Vrms (t )]  kiqv  [Vrms
(t )  Vrms (t )]dt

(8.28)

r
where f r (t ) and f ( t ) are the referenced and measured system frequency, Vrms
(t ) and

Vrms (t ) are the referenced and measured AC side voltage amplitudes, and k pdf , k idf , k pqv

and k iqv are the proportional and integral parameters of the PI controllers.
The errors between the reference signals idr (t ) and iqr (t ) and the measured id (t ) ,

iq (t ) are sent to the inner PI control loop as shown in figure 8.11. The outputs from the
inner PI controllers are used to calculate vdr (t ) and vqr (t ) . After converting back to three
phase, the bidirectional AC-DC inverter AC side output reference voltages var (t ) , vbr (t ) ,
Table 8.2 Specifications and parameters for Bidirectional AC-DC Inverter Active and Reactive Power
Decoupled Control Simulation
Symbol

Quantity

Value

fg

AC subsystem frequency

60 Hz

Vdc

DC bus voltage

120V

Vg

Grid voltage

208V r.m.s

n

Transformer ratio

4:1

Cdc

DC bus capacitance

6000 μf

Lf

RL filter inductance

12 mH

Rf

RL filter resistance

0.3 Ω

fs

Switching frequency

6 kHz
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and vcr (t ) can be calculated. Those three phase reference voltage signals are first
normalized and then compared with a high frequency saw-tooth waveform to generate the
PWM signals, which finally will be used to drive the six IGBTs in the bidirectional ACDC inverter.

Figure 8.14 Bidirectional three phase AC-DC inverter hardware setup
8.4.4.

Bidirectional AC-DC inverter hardware

The hardware setup of the three phase bidirectional AC-DC inverter together with
the RL filter, driver circuit, and measurement circuit is shown in figure 8.14. It has a
three phase bidirectional AC-DC inverter with 6kW rated power. The transformer
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primary side can be connected to the utility grid or the AC side of the test bed in the
Florida International University Energy Research Laboratory. A dSpace CP1104
controller is used to control the power flow through the inverter. A RL power filter with
12 mH inductance and 0.3 Ω resistance is used to limit the system harmonics and regulate
the active and reactive power.
8.4.5.

Real time experimental verification

Two hardware experiments were done for verification of the performance of the
bidirectional AC-DC inverter. The first experiment shows the bidirectional active and
reactive power between flow the AC and DC subsystems in the hybrid power system. In
this experiment, the hybrid power system is working in grid-connected mode and the
active and reactive power flow through the bidirectional AC-DC inverter is controlled by
regulating the Id and Iq respectively. The AC side phase-to-phase voltage is 208V RMS
with a frequency of 60Hz. The DC side voltage is 120V. The transformer between the
AC bus and bidirectional AC-DC inverter reduces the phase-to-phase voltage to 52V
RMS.
The initial Id reference was set as -3A and Iq reference was set as 0A, which
means the DC subsystem was injecting active power to the AC subsystem with unity
power factor. At t = 3.1 seconds, the Id reference changed to 3A and Iq reference stayed
the same. The Id, Iq control performance is shown in figure 8.15 (a). The Id measured
current could closely follow the reference signal, and reach the steady state in less than
0.5 seconds. Also, the Iq was not influenced by the variation of Id. The phase A voltage
and current transient response is shown in figure 8.15 (b). The current phase shifted 180
degree in one cycle.
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The Iq control was also tested and shown in figure 8.16 (a). The initial Iq reference
was set as -3A and Id reference was set as 0A, which means the DC subsystem was
injecting reactive power to the AC subsystem for reactive power compensation. At t = 2.8
seconds, the Iq reference changed to 3A and Id reference stayed the same. The Iq
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Figure 8.15 Bidirectional AC-DC inverter hardware active power control. (a) Id control
(b) phase A voltage and current response.
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measured current could closely follow the reference signal, and reached the steady state
in less than 0.5 seconds. Also, the Iq was not influenced by the variation of Iq. The phase
A voltage and current transient response is shown in figure 8.16 (b). The current phase
shifted 180 degree in one cycle.
Iq control with constant Id
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Figure 8.16 Bidirectional AC-DC inverter hardware reactive power control. (a) Iq control
(b) phase A voltage and current response.
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The second experiment was done to verify the bidirectional AC-DC inverter
frequency regulation function. In this experiment, the hybrid power system is operated in
islanding mode with a 0.6 kW load on the AC subsystem. Also, the AC side has an
induction generator operated in power-voltage control mode with 0.4kW constant output
power. The system frequency response is shown in figure 8.17. There is no slack
generator in the hybrid power system; therefore the initial system frequency was around
58.3Hz. The bidirectional AC-DC inverter frequency regulation was enabled at t =
10:38:40, and the system frequency immediately increased and stabled at 60Hz.
After that, the system frequency is controlled to reach at most 60.5Hz, at least
59Hz, and back to 60Hz. In the end, the frequency regulation function is disabled, and the

Figure 8.17 Hybrid AC-DC power system AC subsystem frequency

Figure 8.18 Power injected from DC subsystem to AC subsystem
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system frequency dropped back to 58.3Hz. The power injected from the DC subsystem to
the AC subsystem is shown in figure 8.18. From the experimental results it can be seen
that the hybrid AC-DC power system AC subsystem frequency can be fully controlled by
the bidirectional AC-DC inverter when it is operated in islanding mode.

8.5.

Hybrid Power System Performance with Mitigation of Critical Loads

8.5.1.

Maximizing power generation from photovoltaic panel emulator

In this chapter, the perturbation and observe (P&O) method was used to track the
maximum power point. The algorithm utilizes the PV farm output current and voltage to
calculate the power. The values of the voltage and power at the kth iteration (Pk) are
stored, then the same values are measured and calculated for the (k+1)th iteration (Pk+1).
The power difference between the two iterations (ΔP) is calculated. The converter should
increase the PV panel output voltage if ΔP is positive and decrease the output voltage if
ΔP is negative, which finally will adjust the duty cycle. The PV panel reaches the
maximum power point when ΔP is approximately zero. The detailed description of P&O
MPPT methods together with its flowchart is shown in Chapter 3 section 3.3.3.
To maximize the utilization of renewable energy from the PV farm, the boost
converter should be operated in on-MPPT mode when the hybrid power system is
connected to the utility grid. The battery banks or the PEVs in the power system can be
used as an energy buffer, and the charging/discharging rates can be controlled based on
the status of the output power from the PV farm and the power flow on the AC side. In
islanding mode, the boost converter of the PV farm can be operated in on-MPPT or offMPPT, depending on the system’s power balance and the SOCs of the battery banks. In
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most situations, this boost converter can operate in the on-MPPT mode since the variation
ratio of the solar irradiance is much slower compared with the power adjustment ability
of the small size AC generator. Therefore, for a constant load either on the AC or DC
side, the PV should supply as much power as possible to maximize its utilization.
However, if the battery banks’ SOCs are high (near fully charged) and the PV’s
maximum output power is larger than the total load in the hybrid power system, the PV
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Figure 8.19 PV farm output power control with MPPT.
In both grid-connected mode and islanding mode, to maximize the utilization of
renewable energy, the boost converter is working in on-MPPT mode to keep seeking the
maximum output power from the PV farm. The MPPT of the boost converter is enabled
at t = 0.4 seconds. The output power, the terminal voltage of the PV panel, the duty cycle
of the boost converter, and the solar irradiance are shown in figure 8.19. For general
study, two kinds of solar irradiance variances with different charging rates were used in
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this study. Before t = 0.4 seconds, the duty cycle is set at 0.5, the terminal voltage of the
PV panel is 149V, and the output power from the PV panel is only 9.56 kW. After the
MPPT is enabled, the duty cycle is decreased to 0.45 and the terminal voltage is
increased to 165V. This allows the PV panel to reach the maximum power output of
10.07 kW. The simulation results show that the boost converter with MPPT functionality
can track the maximum power point within a short response time.
8.5.2.

Power flow in the hybrid AC-DC power system

The bidirectional DC-DC converters are used to connect the battery banks to the
DC bus. In grid-connected mode, those converters only regulate the battery banks (or
PEVs) charging rates. Based on the SOCs of the battery banks and the power flow
conditions on the AC side, the charging/discharging current references are generated to
regulate the current flow in the converters. Each battery has its own bidirectional DC-DC
converter, which means they can have different charging rates. By doing this, the battery
banks can inject power to or absorb power from the DC bus, and even transfer energy
between different battery banks if necessary. In this case, one current control closed loop
with PI controller is enough to regulate the current.
The bidirectional DC-DC converters of the battery banks play an important role in
islanding mode to regulate the DC bus voltage. A two-loop control is used to regulate the
DC bus voltage. The control scheme for the bidirectional DC-DC converter is shown in
figure 8.20. The outer voltage controlled loop is used to generate a reference charging
current for the inner current controlled loop. The error between the measured DC bus
voltage and the system reference DC bus voltage is set as the input of the PI controller,
and the output is the reference current. The inner current control loop will compare the
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reference current signal with the measured current flow through the converter and finally
generate a PWM signal to drive the IGBTs to regulate the current flow through the
converter. For example, when the DC bus voltage is higher than the reference voltage, the
outer voltage controller will generate a negative current reference signal, and the inner
current control loop will adjust the duty cycle to force the current flow from the DC bus
to the battery, which results in charging of the battery. In this way, the energy transfers
from the DC bus to the battery and the DC bus voltage will decrease to the rating value.
If the DC bus voltage is lower than the normal value, the outer voltage control loop will
generated a positive current reference signal, which will regulate the current flow from
the battery to the DC bus, and because of the extra energy injected from the batteries, the
DC bus voltage will increase to the rating value. All five batteries and their bidirectional
converters are coordinated together to regulate the DC bus voltage. The battery SOC and
thermal self-balancing control is also applied to protect the battery banks from over
discharge and overheating.

Figure 8.20 Voltage control block diagram for bidirectional DC/DC converter
In grid connected mode, the AC side can be viewed as an infinite bus. Therefore,
the variances of the voltage amplitude and frequency can be ignored. In this case, the
bidirectional AC-DC converter only needs to regulate the DC bus voltage. To operate at
unity power factor, reference Iq can be set as 0. The controller only needs to control the
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Id, which in the end will control the active power flow through the converter. What’s
more, if the grid needs the hybrid power system to provide ancillary services, such as AC
grid frequency regulation, the proposed configuration is also qualified. For example, if
the system frequency is below 60 Hz, the central control aggregator will send a command
to the bidirectional DC-DC converter to let the energy storage systems inject power to the
DC bus, which will result in an increase in the DC bus voltage. The bidirectional AC-DC
converter will sense this voltage increase and will decrease the current reference, id. This
decrease in current reference will result in the decrease of active power flow from the AC
side to the DC side of the hybrid power system. If Id decreases to a negative value, then
energy will be transferred from the DC side to the AC side. In the end, the power is
balanced on the AC side, and the frequency will increase back to 60 Hz. The control
block diagram for the bidirectional AC-DC converter in grid-connected mode is shown in
figure 8.21. A two-loop controller is used to regulate the DC bus voltage. Based on the
error between the DC bus reference voltage and measured voltage, the outer voltage
control loop generates the Id reference which is used to regulate Id in the bidirectional
converter. The two-loops controller will regulate the DC bus voltage by transferring
active power between the AC and DC subsystems in the hybrid AC-DC power system.
During the regulation, the reactive power is limited to zero, which will make the DC
subsystem act as a pure resistance load with unity power factor. Under this operation, the
DC micro grid will not consume reactive power, therefore the voltage amplitude of the
AC side of bidirectional AC-DC inverter will not drop and doesn’t need reactive power
compensation.
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Figure 8.21 DC bus voltage control block diagram for bidirectional AC-DC inverter
In islanding operation mode, the frequency and voltage amplitude of the three
phase AC side are not so robust, and regulations are needed. Usually, the slack generator
in the hybrid power system can handle the load with a small varying ratio, but when the
pulse load is connected to the AC side or the total load exceeds the generator’s limit, the
system frequency may decrease and the voltage may collapse. Therefore, the
bidirectional AC-DC inverter is used to help regulate the AC side frequency and voltage
amplitude. The control scheme for the bidirectional AC-DC inverter is shown in figure
8.22. Two-loop controllers are applied for both frequency and voltage regulation. For
frequency control, the error between measured frequency and reference frequency is sent
to a PI controller which generates the Id reference. To control the voltage amplitude, the
error between the measured voltage amplitude and the reference voltage amplitude is sent
to a PI controller to generate Iq reference. The DC bus voltage is regulated by the energy
storage system and bidirectional DC-DC converters.
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Figure 8.22 AC bus voltage control block diagram for bidirectional AC-DC
inverter
8.5.3. Hybrid AC-DC power system simulation verification under pulse load
To verify the proposed control method for the hybrid AC-DC power system
operated in grid-connected mode, two simulations about the proposed hybrid AC-DC
system operated in grid-connected and islanding mode were done. The operations of the
hybrid AC-DC power system utilizing a 10.07 kW PV farm under the influence of a 10
kW pulse load was simulated. The rated power of the synchronous generator is 13.8 kW,
and a 4 kW constant load is connected to the AC side. Five 51.8V 21Ah Lithium-ion
battery banks are connected individually to the DC bus through bidirectional DC/DC
converters.
In grid-connected mode, the DC bus voltage is regulated by the bidirectional ACDC converter. In this mode, the AC side can be viewed as an infinite bus, the 10 kW
resistive pulse load that is connected to the AC side will not have an influence on the
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grid. Therefore, only the DC pulse load case is studied. The DC bus voltage with the
influence of the PV output power variance and battery banks (PEVs) charging rate
variance is shown in figure 8.23. Figure 8.23 (a) shows the DC bus voltage. The
bidirectional AC-DC converter was enabled at t = 0.05 seconds. Before that, it operated
as an uncontrolled rectifier. After enabling the bidirectional converter, the DC bus
voltage reached steady state in less than 0.3 seconds. During this period, the solar
irradiance was 1kW/m2. From 0.4 seconds to 1.7 seconds, the system was simulated
under two kinds of solar irradiance variations. The output power from the PV farm
decreased from 10kW to 2.5kW in 0.3 seconds and recovered back from 2.5kW to 10kW
also in 0.3 seconds. After that, the PV farm output decreased from 10kW to 2.5 kW in
0.05 seconds at t = 1.3 seconds and went back from 2.5kW to 10kW at t = 1.65 seconds.
The PV farm output power is shown in figure 8.23 (b). The DC bus voltage was stable
and kept in the range of 293V to 307V during this process. The bidirectional AC-DC
inverter can keep the DC side stable under rapid alteration of solar irradiance and PV
farm output power. From t = 2 seconds to 2.8 seconds, the charging/discharging of the
battery banks impact to the DC bus was simulated. This process can be viewed as the
study of the PEVs charging process in reference [59]. At t = 2 seconds, the current
references of the bidirectional DC-DC converters of those five batteries were changed
from 0A to -4A, which means discharging those battery banks with 4A. At t = 2.4
seconds, the current references of the bidirectional DC-DC converters of the five battery
banks were changed from -4A to 4A, and the system began charging the battery banks.
The current flow of one bidirectional DC-DC converter is shown in figure 8.23 (c).
During this period, the DC bus voltage was still stable with less than 3V voltage variance.
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From t = 3 seconds to 3.5 seconds, a 10kW resistive load was connected to the DC bus.
During the connection and disconnection of the 10 kW pulse load, the bidirectional ACDC inverter active power flow was greatly changed to regulate the DC bus voltage. The
DC bus was still stable within 12V voltage variance during the transient response.
The power flow through the bidirectional AC-DC inverter is shown in figure 8.23
(d). After the system entered steady state, the system kept unity power factor as the
reactive power was 0. The active power flow varied with the solar irradiance influence,
battery banks charging/discharging influence, and pulse load influence. The bidirectional
inverter can quickly adjust the power flow through it and keep the hybrid AC-DC power
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Figure 8.23 Hybrid AC-DC power system performances in grid-connected mode.
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In islanding mode operation, the frequency and voltage amplitude need to be
regulated. Usually, the slack generator in the hybrid AC-DC power system can handle the
load with a small varying ratio, but when the pulse load is connected to the AC side or
the total load exceeds the generator’s limit, the system frequency may decrease and the
voltage may collapse. Therefore, the bidirectional AC-DC inverter was used to regulate
the AC side frequency and voltage amplitude. In this case of study, the AC side had a
4kW constant resistive load, and a 10kW pulse resistive load connected from t = 2.2
seconds to 2.8 seconds. After that, a 10kW pulse resistive load was connected to the DC
bus from t = 3.3 seconds to 3.8 seconds.
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variation on the PV panels and the pulse load connected on the AC side and DC side. The
bidirectional DC-DC converter was enabled at t = 0.05 seconds to regulate the DC bus
voltage, and the DC bus voltage reached the steady state in less than 0.2 seconds. The PV
farm output power variance is shown in figure 8.24 (b). When the 10kW pulse load is
connected to the DC bus at t = 3.3 seconds, those five battery banks cooperated together
to regulate the voltage, therefore the DC bus voltage kept stable with a maximum
variance of 17V during the transient response. The current follow through one
bidirectional DC-DC converter is shown in figure 8.24 (c). The AC side pulse load
connection and disconnection did not greatly impact the DC bus voltage since the battery
banks have enough energy to support and balance the power flow with a quick response.
The bidirectional AC-DC inverter successfully transferred the energy from the battery
banks to the AC side when the pulse load happened. The active and reactive power flow
through the bidirectional AC-DC inverter is shown in figure 8.24 (d).
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Figure 8.25 (a) and (b) show the AC bus voltage and current. The AC bus voltage
transient response during the pulse load connection is shown in figure 8.25 (a). The AC
voltage amplitude returned to its normal value in less than three cycles. When the pulse
load was connected to the AC side, the current flow through the AC bus increased
immediately, and after the pulse load disconnected from the AC side, the current slightly
decreased to keep the system in balance. The current flow through AC bus is shown in
figure 8.25 (b).
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Figure 8.26 (a) shows the AC side frequency variation. The bidirectional AC-DC
inverter was enabled at t = 0.1 seconds and the AC side frequency became stable at 60 Hz
in less than 0.4 seconds. When the resistive pulse load was connected at t = 2.2 seconds,
the frequency dropped to 58 Hz and returned to 60 Hz in less than 1 second. When the
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Figure 8.28 AC subsystem frequency response
pulse load was disconnected from the AC side, the frequency increased to 62 Hz and
returned to stead state in less than 0.5 seconds. The power generated from the generator is
shown in figure 8.26 (b). The hybrid AC-DC power system is stable on both its AC and
DC sides.
For comparison, another simulation was done for the hybrid micro grid under the
same islanding mode operation without DC side support. When the 10 kW resistive pulse
load was connected to the AC bus, the total load on the AC side was 14 kW which
exceeded the generator’s output limitation by 0.2 kW. Figure 8.27 (a) and (b) shows the
AC subsystem generator output voltage and current.
The AC subsystem frequency response is shown in figure 8.28. The pulse load
was connected to the AC side at t = 2 seconds, after 0.2 seconds the system collapsed,
and both the frequency and voltage dropped considerably. The system couldn’t recover
even when the pulse load was disconnected after t = 3 seconds.
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8.6. Conclusion

In this section, a coordination power flow control method for multiple power
electronic devices is proposed for a hybrid AC-DC power system operated in both gridconnected and islanding modes. The hybrid power system has a PV farm and two local
generators that supply energy to its DC and AC sides. Battery banks are connected to the
DC bus through a bidirectional DC-DC converter. The AC side and DC side are linked by
the bidirectional AC-DC inverter. The system topology together with the control
algorithms under both modes was tested with the influence of pulse loads and renewable
energy farm output power variances. The simulation and hardware experimental results
show that the proposed hybrid AC-DC power system with the control algorithm can
greatly increase the system stability and robustness while simultaneously improving the
system frequency and energy harvesting from renewable energy sources.
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9. Application of Microcontrollers and Wireless Transmitters for Monitoring and
Control of Hybrid AC-DC Power Systems

9.1. Introduction

The implementation of hybrid AC-DC power systems, along with the utilization
of plug-in electric vehicles (PEVs) are growing in popularity, increasing the demand for
efficient and reliable power flow control systems that can monitor and regulate power
flow in hybrid AC-DC power systems [34],[160]. Control of power flow in hybrid ACDC power systems is done by controlling the multiple bidirectional DC-DC and AC-DC
converters used in these grids [152]. It is of the utmost importance to design algorithms
for communication between devices, such as converters and battery management
systems, to monitor and smartly control the power flow across hybrid AC-DC power
systems [161]. The growing implementation of smart grids and wireless communications
emphasizes the need to implement wireless communication devices with applications to
power flow control.
As mentioned in Chapter 7, the future PEVs can be cooperated as a network,
whose charging process can be monitored and smartly distributed. In this way, the
charging impacts of the PEVs will be greatly limited and the PEV network can be used to
improve the utility grid performance through vehicle to grid services (V2G). Therefore, it
is necessary to build a PEV car park emulator hardware platform where PEV state
monitor and smart charging algorithms can be tested.
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In this chapter, a methodology of establishing a grid connected hybrid PEV car
park emulator system together with its power flow control method by utilizing
microcontrollers and wireless transceivers to wirelessly monitor and control the power
flow through different converters in the system will be presented. The configuration of
the hybrid PEV car park emulator is shown in figure 9.1. This car park has the following
components: a bidirectional AC-DC inverter together with a RL filter and transformer
which connect the car park to the utility grid or the AC subsystem of the hybrid system.
A PV emulator which acts as a renewable energy resource is connected to the DC bus.
Five lithium battery banks were used to emulate five PEVs parking in the car park, and
they are connected to the DC bus through their own bidirectional DC-DC converters,
which can be viewed as the chargers for those PEVs. Loads are connected to both the DC
side and the AC side. A central aggregator monitors and controls the whole system
wirelessly. It collects all the information of the hybrid PEV car park emulator such as DC

Figure 9.1 PEVs hybrid power system emulator with remote communication and control
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bus voltage, AC bus operating frequency, PEVs’ state of charges (SOCs) and so on.
Based on all the information, the central aggregator will smartly generate the charging
rate signals for the five PEVs individually.
Matlab Simulink and TeraTerm Pro [162] were used in conjunction with the
STM-32F Discovery microcontroller and XBEE transceivers [163]. Matlab Simulink is
used to design and embed code using the Waijung library block set [164]. This library of
components allows the designer to communicate with the microcontroller to build
designs into it once the Matlab Simulink model is completed. Instead of directly
connecting the microcontroller to the computer, XBEE Series 1 transceivers are used to
transmit data to the board. This is done with the software X-CTU which allows the
designer to modify all the parameters of each transceiver module to allow for a mesh
communication between devices. These modules are then directly connected to the
microcontrollers to complete the transfer of data from the user to the microcontrollers.
This methodology is presented as a hands-on engineering solution to the need for
a PEV car park that serves to charge and discharge the battery of each vehicle through a
bidirectional DC-DC buck-boost converter while it is parked. This car park can be
directly connected to the AC utility grid through a bidirectional AC-DC converter to not
only charge vehicles, but to serve as an energy storage device to improve the stability of
the utility grid by supplying additional power during high demand.
The chapter is organized as follows; the application of low-cost microcontrollers
in a PEV car park emulator hybrid power system for power flow control and energy
management is detailed in section 9.2. Section 9.3 presents the application of wireless
communication control in a PEV car park emulator hybrid power system. PEV car park
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emulator hybrid power system operation with wireless communication and control is
given in section 9.4. The performance of the PEV car park emulator hybrid power system
and its analysis is presented in section 9.5. Finally, a conclusion is given in section 9.6.

9.2. Application of low-cost microcontrollers in a PEV car park emulator hybrid
power system for power flow control and energy management

Microcontrollers such as digital signal processors (DSP), field programmable gate
arrays (FPGA), programmable logic controllers (PLC), and ARM processors are widely
utilized in many engineering fields, especially the fields of modern power system control
and management. This is due to their ability to perform complex mathematical
calculations with high speed. Also, those digital controllers are flexible, as the
implementation involves only software instructions, which is independent of the power
electronics devices’ sizes.
To make the PEV car park hybrid power system stable on both the AC and DC
sides, the most important factor is to keep the keep the power balance between the
generators and load on both sides. Therefore, microcontrollers are needed to monitor the
hybrid power system states such as the batteries’ SOCs, the DC bus voltage, the AC side
frequency, and more, while at the same time controlling the power flow through each
power electronics device to keep the system stable.
However, most of the microcontrollers such as the DSP processors need to be
programmed with special programming languages such as C or C++. This may
complicate the design process and delay the whole design period. To have the ability to
use those microcontrollers in power systems, the designers need to be proficient in those
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programming languages. What’s more, the program sometimes doesn’t directly reflect
the control algorithms and the relationship between the inputs and the outputs. Therefore,
this may make the design difficult to read and modify. For power system engineers
especially, who need to design a system with several power electronics devices, Matlab
Simulink is a popular tool to make the simulation. The programming in Simulink is made
by a combination of several mathematical blocks, and therefore the logic is very clear. So
if we can directly compile and download the tested Matlab Simulink control program to
the microcontroller and apply it to the real time hardware experiment, then the design and
verification process will be greatly accelerated.
9.2.1.

dSpace controller for bidirectional AC-DC inverter control

The dSpace hardware together with the virtual test bed software provides an
integrated approach that solves most of the power electronics control problems by
offering the designer a fully-integrated environment.
The main features of this environment are[165]:
1. Different languages can be used to describe different parts of the system. In

particular, Simulink block diagrams can be used to define the control
structures;
2. If necessary, proprietary information can be secured;
3. The system simulation can be executed even if not all of the models are

available;
4. Controller code can be generated automatically.

In the PEV car park hybrid power system hardware platform design, the dSpace
CP1104 is used to control the power flow through the bidirectional AC-DC inverter. The
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Figure 9.2 Matlab Simulink bidirectional power flow control program
overall Matlab Simulink bidirectional power flow control program is shown in figure.
9.2.
The voltage and current measurement circuit gives the measured three phase AC
g
bus voltage u abc
(t ) , the current flows through the bidirectional AC-DC inverter iabc (t ) ,

and the DC bus voltage Vdc (t ) to the dSpace ADC ports, the data acquisition Matlab
block is shown in figure 9.3.

Figure 9.3 Three phase bidirectional AC-DC inverter data acquisition Matlab block
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Figure 9.4 PLL and d-q transformation block.
The measured three phase voltage and current signals are sent to the (phaselocked loop) PLL and d-q transform block, which generates the phase angle signals wt,
idiq, and VdVq. This block is shown in figure 9.4.
With the measured id, iq, Vd,, Vq and the reference idf , iqf , based on equations (8.24)
and (8.25) in Chapter 8, the bidirectional AC-DC inverter output voltage reference
signals v dr (t ) and vqr (t ) are calculated by the current regulator block. The voltage
regulator block is shown in figure 9.5.
The calculated d-q form voltage reference signals v dr (t ) and vqr (t ) together with the
DC bus voltage and phase angle are sent to the Vabc_ref generation block, which will
generate the normalized Vabc signals, which will be sent to the dSpace pulse width
modulation (PWM) block to generate six PWM signals to drive the IGBTs in the
bidirectional AC-DC inverter. The Vabc_ref generation block is shown in figure 9.6.
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Figure 9.5 Three phase AC-DC inverter active and reactive power decouple control
block.
In order to investigate the performance of the developed system, an experimental
setup for the bidirectional AC-DC inverter power flow control was constructed. The
control program using Matlab Simulink was designed and downloaded to the dSpace
CP1104. Figure 8.14 in Chapter 8 shows the photo of the experimental test setup
implemented in the laboratory for the developed bidirectional AC-DC inverter. The
performance of the proposed system is shown in Chapter 8, Section 8.4.

Figure 9.6 Three phase bidirectional AC-DC inverter IGBT duty cycle generation block.
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9.2.2.

STM32F4DISCOVERY controller for bidirectional DC-DC converter
control

Most of the microcontrollers with high performance are very expensive. This may
be one of the obstacles that hinder smart grid development. An example of this is the
dSpace CP1104 hardware and software which can be used to control projects through
Matlab as mentioned in section 9.2.1. The key setback of the dSpace hardware and
software is the cost, which is over $5000 per unit. This makes it difficult for real
industrial applications. Also, by using dSpace as the control interface, the project or
system must be constantly connected to the dSpace interface board as well as the
computer where the program was created. In addition, dSpace controllers have multiple
components which occupy large space in the hardware system. Furthermore, it has a
limited processing speed capability. Therefore, except for academic purposes, this
hardware is not as popular as other microcontrollers.
In the PEV car park emulator hybrid power system design, there are five battery
banks that are used to emulate five individual PEVs charging/discharging behaviors.
Therefore, five bidirectional DC-DC converters need to be controlled. Using dSpace
CP1104 is a solution, but the cost will be very high since each bidirectional DC-DC
converter needs one controller. Also, to monitor five of them, multiple computers with
virtual test bed software are needed, which makes it almost impossible for lab scale
fulfillment.
Therefore, in this study, STM32F4 DISCOVERY microcontrollers are used to
regulate the power flow through the bidirectional DC-DC inverter in the PEV car park
emulator. There are five battery banks and five bidirectional DC-DC converters that are
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used to emulate five individual PEVs. Five of these microcontrollers are used to control
the power flow through each bidirectional DC-DC converter. Based on the SOC of each
PEV, unique charging/discharging signals are sent from a central aggregator to the
STM32F4 DISCOVERY through wireless communication by using XBEE wireless
transmitters. In this way, V2V service and V2G service can be fulfilled. The transmitters
can also work in broadcast mode, which will synchronize all five battery banks and make
them work together.
The STM32F4 DISCOVERY microcontroller is shown in figure 9.7. It is a lowcost and easy-to-use development kit to quickly evaluate and start development with an
STM32F4 high-performance microcontroller. The microcontroller is running at 160
megahertz (MHz) and executes a 210 MIPS processor which allows it to meet the hard
real time requirement. The microcontroller board is based on an ARM cortex M4 with

Figure 9.7 STM32F4 DISCOVERY microcontroller
.
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floating point and DSP extension. The floating point calculation and DSP extension
instruction improve the calculation performance which reflects on the total system
bandwidth and response time.
The microcontroller support board contains three 12 bit ADCs, each with 2.4 Ms/s
and 8 channel multiplexers with a total of 24 channels. Using multiple ADC modules
allows synchronized sampling of voltage and current. By utilizing the high sampling rate
and DSP functionality, accurate measurements can be obtained by sampling and filtering
signals with digital filters before applying the control algorithms.
For communication the microcontroller contains 6 universal high speed
asynchronous serial ports, SPI and I2C. These communication ports were utilized to
communicate with wireless modems and exchange data with an embedded web server.
An Ethernet interface is also supported. This Ethernet interface can be utilized with a
light weight embedded webserver to build a web interface for remote monitoring and
control. The firmware was stored in an on board 1 Mbyte protected flash memory while
the webserver resources were stored in an external SD card connected via an SPI
interface.
For DC-DC converter control, the microcontroller supports up to 6 channels of
PWM. This PWM module uses dedicated timers and digital comparators to control the
duty cycle which minimize the processor overhead. 186KB onboard static memory is
used for temporary data storage during runtime.
Since the microcontroller ADC block can only receive a 0V-3.3V analog signal,
and the bidirectional current control of the DC-DC converter current transducer output
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signal may be a negative value, a signal converting circuit is needed. The signal
converting circuit converts the signal from the range of [-10V 10V] to [0V 3.3V], which

(a)

(b)
Figure 9.8 Signal converting circuit for STM32 (a) circuit hardware (b) circuit
performance.
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is within the operating range of the STM32F4 microcontroller. The signal converting
circuit and its performance are shown in figure 9.8 (a) and (b).

9.3. Application of wireless communication control in the PEV car park emulator
hybrid power system

ZigBee was used as the wireless communication transmitter and receiver in this
design. This is a specialized protocol for small, self-programming mesh network devices
based on the IEEE 802.15.4 wireless standard. ZigBee devices are designed for low
power consumption and are easy to implement.
The low cost of the ZigBee device can facilitate the commercial deployment of
the desired PEV networks at large PEV car parks. The simplicity of the ZigBee allows for
inherent configuration. The redundancy of the network also provides low maintenance.
Moreover, this device can be operated at 868 MHz, 915 MHz, and even 2.4 gigahertz
(GHz) radio bands, which can maintain higher communication compatibility. Also, the
2.5 GHz operation can reach around 250 kbps, which can meet the estimated bandwidth
requirements for PEV charging control applications. In large PEV car parks, there may be
a large number of communication nodes. ZigBee’s use of the IEEE 802.15.4 physical
layer (PHY) of the Open Systems Interconnection (OSI) model and the link layer device
(MAC) allows the network to handle any number of devices. The operation range of
ZigBee devices is 400 feet (120m), which in most situations is enough for the design of a
large scale PEV car park. The main features of the ZigBee are listed below:



Low power consumption, operated at 3.3V with 40mA



Fast communication capability, 250kbps Max data rate
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2mW output (+3dBm)



Large operation distance 400ft (120m) range



Built-in antenna



Six 10-bit ADC input pins



High security, 128-bit encryption



Modules operate within the ISM 2.4 GHz frequency band

To use ZigBee transceivers together with the STM32F4 DISCOVERY
microcontrollers to monitor and control multiple bidirectional DC-DC converters,
appropriate numbers of microcontrollers, transceivers, XBEE adapters, and one XBEE
Explorer interface board with a USB cable are needed. The TeraTerm Pro is used to
transfer data between transceivers while the X-CTU is used configure the communication

Figure 9.9 X-CTU program interface
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between them. The X-CTU program interface is shown in figure 9.9. To set up the
system, the designer begins by opening the program after having plugged a transceiver
into the interface board and then connects the board onto the computer via USB. The
specific port used will then show up on the ports list. As can be seen, the transceiver is
currently connected to COM2. The designer can verify which port is used by the
transceiver by going to the device manager from the control panel in the Windows
machine and looking at the port designations. The Baud rate refers to the speed data is to
be transferred. Flow control manages the rate of data to prevent data overflow or dropped
packets of information. The Data Bits, Parity, and Stop Bits are rarely altered and should
remain the same for this process. Once these default parameters are verified, click
Test/Query. The designer should be presented with a small window that verifies the
connection of your XBEE module.

Figure 9.10 X-CTU configuration

259

Then, click on the Modem Configuration tab. The designer will be presented with
the following image, shown in figure 9.10.
Once on this tab, click Read. After a few seconds the designer should be
presented with the following figure 9.11. Here are all the parameters that are on the
module. The only ones of importance for the time being are Channel, PAN ID, and
Interface Data Rate (Baud Rate) which are usually colored blue. In order to have the
proper mesh communication between all of the XBEE modules, these three parameters
have to be identical. The Matlab Simulink design and TeraTerm Pro software must also
use the same Baud rate. The designer can view all the possibilities of these parameters on

Figure 9.11 X-CTU parameters setting

260

the XBEE Series 1 data sheet found online. In general, the designer should use the letter
B or C for the Channel and then a combination of four numbers for the PAN ID and
verify that this specific combination is not being used by any other devices to avoid
communicating with their modules. In general, the XBEE modules work best using the
Baud Rate 57600. They work on any Baud Rate listed but it is recommended to use them
at 57600. Once the appropriate values for these three parameters have been chosen, click
Write. Repeat this process for all of the modules.
Once this step is complete, the designer can move on to configure TeraTerm Pro.
TeraTerm Pro is a terminal emulator that emulates a variety of different computer
terminals and supports internet communications such as telnet and SSH and also allows
serial communications which is what is used in this procedure. At this point, the designer
will click serial and choose the same port as the XBEE interface board from before and
press OK. Alter the settings to the following, shown in figure 9.12:
Now, click Setup again and go to Serial Port. Verify that all of the parameters are
identical to the ones used in the experiment. The designer will be now be presented with
a clear console that is ready for input commands that are sent to the microcontroller to

Figure 9.12 TeraTerm Setup
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generate the PWM signal with a user controlled duty cycle.
The next step is to properly connect the transceivers to the microcontrollers using
the XBEE Explorer adapters. Place the transceiver on an adapter and using four of the
thin spiral colored cables, connect the following pins together;



Pin GND of the adapter to any GND of the microcontroller



Pin 5V of the adapter to Pin 5V of the microcontroller



Pin RX (receive data) of the adapter to Pin B6 of the microcontroller



Pin TX (transfer data) of the adapter to B7 of the microcontroller
Repeat the process for the appropriate number of microcontrollers the designer

wishes to use. In this process, five microcontrollers were used to generate five different
PWM signals with variable duty cycles. The designer should then provide power to each
microcontroller. This can be done in one of two ways; directly connect the
microcontroller to the computer via USB, or connect the other Pin 5V to the positive
terminal of a power supply and a GND Pin to the negative terminal of the power supply.
Before connecting, adjust the power supply to a constant 5V. To connect multiple
microcontrollers to the power supply, use a breadboard to connect the 5V pins and GND
pins in parallel with the power supply.

9.4. Energy storage system operation with wireless communication and control

After establishing the wireless communication, control signals can be sent
remotely by a central aggregator to the STM32 microcontrollers to regulate the
charging/discharging rates of the battery banks by controlling the current flow through
the bidirectional DC-DC converter. Also, the battery banks terminal voltages can be
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measured and sent back to the central aggregator by the STM32 microcontrollers as
feedbacks.
9.4.1.

Battery banks SOC monitoring web server system design.

With the feedback of the battery banks terminal voltages, using the battery model
proposed in Chapter 5, the SOC of each battery bank can be estimated. With all the SOCs
of the battery banks, the central aggregator can make charging/discharging ratios for each
battery bank. Also, with this design, after collecting the SOCs, different power
dispatching methods can be tested on this platform.
To design the central aggregator, another STM32 microcontroller was used. It
was also equipped with a Zigbee wireless transmitter, which allows it to communicate
with other STM32 microcontrollers that are used to control the power flow through the
bidirectional DC-DC converters. The central aggregator communication can be operated
in Peer-to-Peer (P2P) mode or broadcasting mode. For energy storage system control,
P2P is preferred since it can help the system balance the SOCs of different battery banks.

Figure 9.13 Battery banks SOC monitoring web server interface.
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The STM32 microcontroller used as central aggregator in this study was connected to the
local network through the Ethernet interface. It can act as a server to monitor the whole
energy storage system. The battery banks SOC monitoring web server system is shown in
figure 9.13. This design can be used as the central aggregator for future PEV networks in
a car park. It can also collect information such as the power requirement by the PEVs,
next period output power from renewable energy sources, utility grid conditions, and
energy prices to make a smart charging solution for effective dispatch of the energy to
different PEVs in the network with low charging cost and low impacts while fulfilling
some V2G and V2V services.
9.4.2.

Bidirectional DC-DC converter power flow remote control

To remotely control the bidirectional DC-DC converter, the STM32

Figure 9.14 Bidirectional DC-DC converter PWM control program
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microcontroller needs to receive the control signal from the central aggregator. Different
kinds of control signals can be used, such as the duty cycles that can be directly given to
the PWM block to generate the PWM signals to drive the IGBTs in the converter, current
reference signals that can be used to directly regulate the current flow in the converter, or
droop coefficients that can be used to help the DC subsystem regulate the DC bus
voltage. The following example shows the case that duty cycle is used to remote control
the power flow.
At this point, all that is left is the Matlab Simulink design using the Waijung
library block sets. The design built into each board that generates multiple PWM signals
with variable duty cycles is shown in figure 9.14.
All of these blocks are found in the library browser under Waijung Block sets.
The Target Setup block is added to all designs that utilize the STM-32F microcontrollers
and allows for the design to be properly built into the board. There are no settings that

Figure 9.15 Zigbee parameters for STM32F microcontroller.
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need to be altered from the default block. The UART Setup block is where the
communication parameters are altered. This block is also where the pins used for
communication are located on the microcontroller. Figure 9.15 shows the parameters for
Zigbee connecting:
The UART Rx1 block is the block that allows the designer to communicate
directly with the microcontroller of choice and its respective duty cycle. Figure 9.16
shows its parameters. As can be seen, the UART module is the same as before. The
transfer of data is chosen as Non-Blocking. With this option, new data can be entered
without blocking any procedure currently being carried out. This allows the central
aggregator to change duty cycles in real time when other duty cycles are present. The
packets of data are sent as ASCII characters. The line ‘add %d duty %d’ is what the
designer inputs into the TeraTerm Pro terminal. Each board has a specific address. Since
this design has five microcontrollers, there are five different options. The following

Figure 9.16 UART Rx1 block parameters.
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example illustrates how the line is used:
‘add 1 duty 56’
In this line, the central aggregator wants board 1 to generate a PWM signal with a
duty cycle of 56 percent.
In this design, the address is sent to a relational operator that compares it to an
integer. This integer refers to the address of a specific board, with each board having the
exact same design built into it with the exception of this constant. Board 1 will have the
number 1 in this box. Board 2 will have the number 2 in this box, etc. If the user typed
the same number for the address as the constant, then the AND gate will register as 1 and
the Subsystem will be enabled, allowing the duty cycle to pass through to the board. That
address number along with the duty cycle is sent into the subsystem where the output is
then sent to the Advanced PWM block. The output of this PWM is located on Pin A8 to
GND. The PWM generation subsystem is shown in figure.9.17.
In figure 9.17 it is observed that the address (In1) and duty cycle (In2) enter the

Figure 9.17 Bidirectional DC-DC converter PWM generation block.
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Figure 9.18 Battery banks monitor and control system.
transfer module so that the designer receives a message in the terminal of what he/she
inputted. In the above example, the output would be:
>>Your input is: address 1 duty 56
Also, observe that the duty cycle (ln2) is then outputted from the subsystem to Out1.
This output is what reaches the PWM block. Board 1 gets the build with 1 as the
constant. Board 2 gets the build with 2 as the constant, etc. The overall design should
resemble the following components shown in figure 9.18:
In this design, the PWMs are used to control the switching frequencies of the
IGBT’s in converters to control power flow. Once all boards have been compiled
appropriately, connect as above. Now, the central aggregator is ready to actually use the
TeraTerm Pro program to control the duty cycles of multiple PWMs simultaneously.
Figure 9.19 shows an image of the terminal being used to control five PWM signals:
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Figure 9.19 TeraTerm User Terminal

9.5. Conclusion

This

chapter

describes

the

methodology

of

using

transceivers

and

microcontrollers to remotely monitor and control the power flow of the energy storage
systems in a hybrid AC-DC power system. The descriptions of how to utilize dSpace
CP1004 and STM32F microcontrollers to control the power flow through bidirectional
AC-DC inverters and DC-DC converters are given in detail. Also, using the STM32F to
design a web server that acts as a central aggregator to monitor and control the power
flow of five battery banks is presented. The proposed method gives a hardware solution
to design the remote smart charging/discharging control for PEV networks in a car park.
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10. Laboratory Scaled Plug-in Electric Vehicles Car Park Infrastructure Emulator
Design

10.1. Introduction

In this chapter, the design and implementation of a laboratory-based hybrid ACDC power system is presented. This hybrid power system is implemented at the Energy
Systems Research Laboratory at Florida International University, to emulate a plug-in
electric vehicle (PEV) car park infrastructure. It consists of an AC subsystem and a DC
subsystem. The AC subsystem has a grid connection point that can connect the hybrid
power system to the university utility grid. The AC subsystem also has two AC
generators with 13.8 KVA rated output power, which can be operated in slack mode and
power-voltage mode. On the DC side, a 6kW photovoltaic (PV) emulator is connected to
the DC bus to act as a renewable energy source. Five lithium-ion battery banks with 51.8
rated terminal voltage and 21Ah capacity are used to emulate the behavior of five PEVs
in the car park.
The values of the parameters of the power electronic devices utilized, in addition
to the various filters and microcontrollers in the system, are given. Moreover, the control
techniques and the controllers designed to operate the developed hybrid AC-DC power
system are discussed. Several experimental results were included to verify the validity of
the developed PEV car park emulator and its applicability as an educational and research
tool to study modern design, operation, and control aspects related to hybrid AC-DC
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power systems, as well as renewable energy and PEV integration into hybrid AC-DC
power systems.
In addition, a smart energy management system for the developed PEV car park
emulator was designed. The energy management system has a central aggregator that can
remotely monitor the state of charge (SOC) of the PEVs in the car park and smartly
distribute the available energy to PEVs with different SOCs. Moreover, a coordination
control scheme among the AC subsystem and DC subsystem is designed with vehicle to
grid (V2G), vehicle to house (V2H), and vehicle to vehicle (V2V) services. The results
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Figure 10.1 Laboratory based PEV car park emulator hybrid power system infrastructure
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obtained verify that the proposed hybrid AC-DC power system power management
methodology can be an effective solution for future power systems with high penetration
of renewable energy sources and PEVs.
This chapter is organized as follows: the PEV car park infrastructure emulator
overview including the grid connected inverter, battery banks, bidirectional DC-DC
converter, and wireless communication scheme are described in Section 10.2. Section
10.3 presents the application of a real time energy management algorithm to car park
emulator. The hybrid AC-DC power system with PEV car park performance analysis
with V2G verification is given in Section 10.4. A conclusion of this chapter is given in
Section 10.5.

10.2. PEV car park infrastructure emulator overview

The schematic diagram of the developed laboratory based PEV car park emulator
hybrid power system infrastructure is shown in figure 10.1. The system consists of a DC
micro grid and an AC micro grid. In the AC micro grid, the two generators can be
operated as a slack generator or a power-voltage controlled generator, depending on if the
system is operating in islanding mode or grid-connected mode. There are constant loads
and pulse loads in the AC micro grid, which may influence the system frequency and
voltage. The DC micro grid has a PV emulator, and a DC-DC boost converter that is used
to inject the power from it to the DC bus. The DC bus is also connected with five lithiumion battery banks through five bidirectional DC-DC converters. The SOCs of the battery
banks are monitored by five individual STM32 microcontrollers. The microcontrollers
send the SOCs of the battery banks to a central aggregator, which monitors the state of
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the whole system and makes charging/discharging control signals to those battery banks
to keep the system stable.
10.2.1. Grid connected inverter and AC filter

The circuit diagram of the grid connected inverter and AC filter in the proposed
hybrid AC-DC power system is shown in figure 10.2. The active and reactive power
decoupled control technology proposed in Chapter 8 is applied to control this
bidirectional AC-DC inverter. When the system is operated in grid-connected mode, the
inverter is used only to control the DC bus voltage by regulating the Id, which makes the
DC micro grid act as a pure resistance load with unity power factor. When the hybrid
power system is operated in islanding mode and there is a slack generator on the AC
subsystem, the bidirectional AC-DC inverter is operated in current control mode. Based
on the battery banks SOCs, the central aggregator sends power transfer signals to the
bidirectional AC-DC inverter to regulate the power flow in between the AC and DC
micro grids. When there is no slack generator on the AC micro grid, or the slack
generator is disconnected from the AC micro grid in fault conditions, the bidirectional

Figure 10.2 Circuit diagram of the grid connected bidirectional AC-DC inverter with
filter in the proposed hybrid power system.
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Figure 10.3 Lithium-ion battery module
AC-DC inverter will automatically transfer to frequency regulation mode to help the AC
micro grid regulate the system frequency and voltage amplitude.
10.2.2. Battery banks
Five lithium-ion battery banks are connected to the same DC bus on the DC micro grid.
The lithium-ion battery bank module is shown in figure 10.3. Each single battery bank consists of
14 lithium-ion battery cells connected in serial, with 51.8V terminal voltage and 21Ah capacity.
Those five battery banks are used to emulate five individual PEVs in a car park. The battery
banks SOCs are monitored by measuring the terminal voltages. The lithium-ion battery model
proposed in Chapter 5 is applied to estimate the SOCs of the battery banks. The DC PEV car park
micro grid is shown in figure 10.4.

10.2.3. Bidirectional DC-DC converter

Five of the bidirectional DC-DC converters proposed in Chapter 8 Section 8.3
were used to control the charging/discharging of the five lithium-ion battery banks. Those
converters can be viewed as PEV chargers in the future power system.
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Figure 10.4 PEV car park emulator DC micro grid.
When the system is operated in the grid connected mode, the five converters are
operated in current controlled mode and regulate the charging/discharging rate of the
battery banks based on the reference charging/discharging signals received from the
central aggregator. When the whole system is disconnected from the utility grid, the
bidirectional DC-DC converters will change to voltage control mode, to regulate the DC
bus voltage. Five STM32F microcontrollers were utilized to control the power flow of
those five bidirectional DC-DC inverters individually. With those functions, the
bidirectional DC-DC converter can use the energy stored in the battery banks to regulate
the DC bus voltage. Furthermore, with the cooperation of the bidirectional AC-DC
inverter, the battery banks can help the system regulate the AC micro grid frequency and
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voltage amplitude. Those can be viewed as the rudiment of future V2H and V2G services
from the PEV network.
10.2.4. Wireless communication and control

The methodology proposed in Chapter 9 for utilization of Zigbee wireless
communicators and STM32 microcontrollers to remotely monitor DC micro grid states
and control the charging/discharging of battery banks in the hybrid power system is also
applied to the PEV car park hybrid AC-DC power system. This concept makes the
system operate in a distributed manner, and can be utilized in future power systems to
coordinate several distributed components (such as several PEVs distributed in different
places of a city) and control them to fulfill some services together. Furthermore, with the
established central aggregator, different PEV smart charging algorithms can be tested on
this platform. The new control algorithms can be easily tested by downloading the
program to the central aggregator, and the rest of the PEV car park emulator won’t be
influenced, which will accelerate future PEV smart charging research.

10.3. Application of a real time energy management algorithm to the car park
emulator

The PEV real time smart energy management algorithm is embedded in a STM32
microcontroller used as the central aggregator. The central aggregator can communicate
with the other five STM32 microcontrollers which are used to control the current flow
through the bidirectional DC-DC converters. The Zigbee wireless transmitters are used
for remote communication. The communication is also bidirectional. These five STM32
microcontrollers measure the terminal voltage of the battery banks and send it to the

276

central aggregator. The aggregator collects all five battery banks’ terminal voltages and
estimates their SOCs. A priority rank is calculated based on the SOCs of the battery
banks. Battery banks with higher SOC will be assigned a lower rank. With the rank of the
battery banks, different smart charging algorithms can be designed and tested on the
central aggregator. Based on the algorithm, the central aggregator will generate five
charging/discharging rate signals and send them back to these five STM32
microcontrollers individually. After receiving the charging/discharging reference signals,
these five microcontrollers will adjust the current flow through the converters controlled
by them.
An example of the control program for applying the adaptive droop control of
multiple battery banks charging management proposed in Chapter 5 Section 5.6 to the
central aggregator is shown in figure 10.5. After gaining the rank of the battery banks, the
central aggregator will monitor the state of the DC bus voltage. If the measured voltage is
lower than the reference voltage, set as 100V in this experiment, all of the battery banks
need to inject energy to the DC bus. If the measured voltage is higher than the DC bus

Figure 10.5 Adaptive droop control program for multiple battery banks charging
management
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voltage, all of the battery banks need to absorb energy from the DC bus. After that, a 2-D
lookup table is used to generate the droop coefficients for five individual battery bank
controllers. Those droop coefficients will be sent to the STM32 microcontrollers by the
central aggregator through the wireless communicator. After receiving the droop
coefficients, the microcontroller will generate a charging/discharging reference signal and
regulate the current flow through the bidirectional DC-DC converter it controls. The
flowchart is shown in figure 10.6.

Figure 10.6 Flowchart of the battery banks smart energy management control
process
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Figure 10.7 Hardware configuration of one PEV emulator
The PEV car park emulator has six floors. The top five floors emulate five PEVs
with their DC-DC converters. The last floor contains a DC power supply which acts as a
PV emulator. The hardware components on one floor are shown in figure 10.7.

10.4. Hybrid AC-DC power system with PEV car park performance analysis

To further verify the proposed control algorithm for hybrid AC-DC power system
operation with pulse load mitigation, a hardware experiment was done. For security and
protection reasons, the hardware platform was scaled down. The system hardware
configuration is shown in figure 10.8. It has two induction generators G1 and G2. G1 is
connected at bus 1 and operated as a slack generator to regulate the AC subsystem
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frequency. Generator G2 is connected at bus 2 and operated in power-voltage control
mode, which gives a constant output power. The AC subsystem also has a 750W constant
load connected at bus 3 and a 600W pulse load connected at bus 4 with a 1 second
period. The DC micro grid is connected at bus 4 through the bidirectional AC-DC
inverter.
Two scenarios were tested: AC subsystem frequency regulation and pulse load
support from DC subsystem. In the first scenario, the DC micro-grid has a frequency
regulation function, but in regular situations this function is disabled to prevent it from
fighting with the slack generator. However, as mentioned in Chapter 8 Section 8.2.3, the
control algorithm should have the ability to distinguish the frequency drop caused by a
slack generator disconnection from the frequency variation caused by a pulse load. The
load, output power from two generators, and power from the DC micro grid is shown in
figure 10.9 (a). The system frequency response is shown in figure 10.9 (b). Before the
slack bus disconnection, the DC subsystem keeps injecting a constant 100W active power

Figure 10.8 Hybrid AC-DC power system hardware platform configuration.
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to the AC subsystem. Also, the slack generator supplied 100W to the system to control
the system frequency. Generator G2 supplied a constant power of 550W to the hybrid
power system.
During the four 600W pulse load interference, the slack bus regulated the system
frequency and increased the output power from 100W to around 750W, and the output
power from the DC micro grid and generator G2 were constant with very little variation.
After the four 600W pulse loads, for some reason the slack generator G1 is
disconnected from the rest of the system. The bidirectional AC-DC inverter immediately
detects the system frequency drop which exceeds the bounds and lasts longer than the

(a)

(b)
Figure 10.9 Hybrid AC-DC power system performance under pulse load and slack
generator disconnection disturbances: (a) system power flow, (b) system frequency
response.
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pulse load effect, therefore the frequency regulation function is enabled. After that, the
DC micro grid injects 100W more to compensate the loss of the slack generator, and the
system frequency goes back to 60Hz in a short time.
After the slack generator disconnection, four 300W pulse loads happened in the
system. Because generator G2 can only supply 550W, in order to keep the system stable
the bidirectional AC-DC inverter should inject power from the DC subsystem to the AC
subsystem. The load, output power from the two generators, and power from the DC
micro grid is shown in figure 10.10 (a). The system frequency response is shown in
figure 10.10 (b). From the results it can be seen that during the pulse load duration the

(a)

(b)
Figure 10.10 Hybrid AC-DC power system performance under pulse load with DC
subsystem support: (a) system power flow, (b) system frequency response.
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DC micro grid can inject power to help the system regulate the frequency and the
frequency only dropped to around 57.5Hz, which is close to the simulation results shown
in Section 8.5.2.
For comparison, another experiment was done on the same setup without DC
subsystem power support. The load, output power from the two generators, and power
from the DC micro grid is shown in figure 10.11 (a). The system frequency response is
shown in figure 10.11 (b). Since the DC subsystem doesn’t support the AC subsystem in
this case, the output power is always zero, and the power supplied by the slack generator
G1 increased to 200W. During the first four 600W pulse loads, the system is still stable
since the slack generator G1 can regulate the system frequency. However, after the slack

(a)

(b)
Figure 10.11 Hybrid AC-DC power system performance under pulse load without DC
subsystem support: (a) system power flow, (b) system frequency response.
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generator disconnection, the system frequency drops to 56Hz and stays at that value.
Even worse, when the four 300W pulse loads happen, the system frequency can drop to
54Hz. In this experiment, the rated output power of generator G2 is much larger than
750W. For protection reasons, the output power for generator G2 is not firmly limited to
750W, therefore during the four 300W pulse load duration, generator G2’s output power
also increased, which relieved the system frequency drop.

10.5. Conclusion

In this chapter, the detailed description of a laboratory based PEV car park
emulator is given. The PEV car park emulator is designed based on a hybrid AC-DC
power system with both an AC micro grid and a DC micro grid including multiple
components and power electronics devices. Five lithium-ion battery banks are used to
emulate the charging behaviors of five PEVs. The proposed control methodology in
Chapter 8 for PV emulator maximum power point tracking control, bidirectional DC-DC
converter control, and bidirectional AC-DC inverter power decoupled control are applied
to the hybrid power system. Meanwhile, the proposed battery banks remote control
method in Chapter 9 is used in the PEV car park emulator. Hardware experiments are
done with the results showing that the proposed PEV car park emulator can smartly
charge the battery banks and help the AC micro grid regulate the system frequency
through V2G services.
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11. Conclusions and Future Work

11.1. Conclusions

Hybrid AC-DC power systems that can be operated with multiple energy sources
in both grid-connected and islanding modes are going to be one of the main architectures
of future power systems. Hybrid AC-DC power systems integrated with renewable
energy sources and PEVs will be an effective solution for reduction of whole system loss
and greenhouse gas emissions. In this dissertation, different aspects related to the design,
optimization, implementation, protection, and energy management of hybrid AC-DC
power systems with PEVs and renewable energy sources are presented.
There are still challenges for future hybrid AC-DC power systems with a high
penetration of renewable energy sources and plug-in electric vehicles (PEVs). Despite the
challenges, with smart plan and control, renewable energy sources and PEV impacts can
be greatly limited. In chapter 2, the introduction of hybrid AC-DC power system
architecture is given. Together with this, the detailed operations of hybrid AC-DC power
system’s grid-connected and islanding modes are described with the challenges and
system communication requirements. Also, the PEV charging impacts to the utility grid
are analyzed. To limit those impacts, two possible solutions, V2G and V2V, are given
with the description of present challenges and future markets. Chapter 3 presents the
methods of harvesting solar energy from PV panels in hybrid power systems through DCDC boost converters and MPPT technology. In addition, the methodology of designing a
library scaled PV emulator and DC-DC boost converter hardware is given. Also, the
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basic description of power conversion topologies with wind turbines is given with the
information of how to maximize the output power from wind turbine power generation
systems. Based on the above information, the renewable energy sources impact to the
hybrid power system and how to overcome those challenges are described in detail.
An optimal sizing method for a renewable energy farm and energy storage
devices in a hybrid power system is proposed in Chapter 4. Genetic algorithm is used to
find the optimal solutions for both the renewable energy farm and energy storage devices.
With the optimized scale of solar panels and wind turbine generators, the renewable
energy farm can supply around twenty percent of the local load with less fluctuation and
cost. The energy storage system with the optimized battery and ultra-capacitor sizes has
the ability to smooth the energy flow from the renewable energy farm to the local load,
which will greatly limit the impact on the utility grid from the renewable energy farm
caused by uncertain factors such as the sudden change of solar irradiance and wind speed.
A case study of the Key West, FL power system was performed.
To enhance the performance of the battery energy storage system, a fuzzy logic
based battery bank management system with self-healing capabilities to protect itself
from variations in the state of charge (SOC) and temperature of its battery banks is
proposed in Chapter 5. The power consumed by the resistive elements in the equivalent
circuit model used for each lithium-ion cell, along with the ambient temperature
introduced into the system, allows for accurate estimation of the temperature. The
proposed energy management system is able to effectively regulate both SOC and
temperature during charging and discharging cycles for long periods of time and increase
the safety of the whole system.
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To limit the PEVs charging impacts to the utility grid and utilize the PEVs for
V2G services, a real-time energy management algorithm for PEVs charging in gridconnected smart charging car parks based on charging priority levels is developed and
described in Chapter 6. The developed algorithm allows V2G and V2V functionalities
and aims at minimizing the total cost of charging by handling the charging rates of the
PEVs. A fuzzy agent was used as a component within the developed algorithm. Energy
tariff, load demand and PV output power profiles are elements within the algorithm. The
performance of the developed algorithm was tested by simulating its implementation on a
car charging park connected to the IEEE standard 69-bus system at different penetration
and distribution levels. The results show a reduction in the overall cost of charging as
well as significant improvements in the voltage profile and the losses in the system. For
feasibility concerns of the proposed PEV smart charging algorithm, the economic
analysis of a real-time smart charging algorithm for 50,000 PEVs in a network with the
consideration of V2G frequency regulation service is given in Chapter 7. An economic
model was built to estimate the daily and annual income of the proposed system with the
consideration of battery degradation. The performance of the developed algorithm and
the economic analysis of the whole model were tested by simulation. The economic
analysis of the proposed system shows the capability of bringing considerable benefits to
both the network and the owners of the PEVs.
Regarding the design and hardware implementation, a coordinated power flow
control method for multiple power electronic devices is proposed in Chapter 8 for a
laboratory based hybrid AC-DC power system operated in both grid-connected and
islanding modes. The hybrid power system has a PV farm emulator and two local
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generators that supply energy to its DC and AC sides. Battery banks are connected to the
DC bus through bidirectional DC-DC converters. The AC side and DC side are linked by
the bidirectional AC-DC inverter. The system topology together with the control
algorithms under both modes was tested with the influence of pulse loads and renewable
energy farm output power variances.
To effectively control the battery energy storage system, the methodology of
using transceivers and microcontrollers to remotely monitor and control the power flow
of the energy storage system in a hybrid AC-DC power system is given in Chapter 9. The
descriptions of how to utilize dSpace CP1004 and STM32F microcontrollers to control
the power flow through bidirectional AC-DC inverters and DC-DC converters are given
in detail. Also, using the STM32F to design a web server that acts as a central aggregator
to monitor and control the power flow of five battery banks is presented. The proposed
method gives a hardware solution to design the remote smart charging/discharging
control for future PEV networks in a car park.
In the end, the detailed description of a laboratory based PEV car park emulator is
given in Chapter 10. The PEV car park emulator is designed based on the hybrid AC-DC
power system proposed in Chapter 8 and applied the control and energy management
methodologies proposed in Chapter 4, 5, 6, 8, and 9. Five lithium-ion battery banks are
used to emulate the charging behaviors of five PEVs. Hardware experiments were done
with the results showing that the proposed PEV car park emulator can smartly charge the
battery banks and help the AC micro grid regulate the system frequency through V2G
services.
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11.2. Future Work

The PEV car park emulator hybrid power system introduced in this dissertation
involved artificial intelligence, power electronics, communication, protection, and
distributed control as key enabling technologies. The basic foundation and platform to
research hybrid AC-DC power systems with the mitigation of impacts from PEVs,
renewable energy sources, and critical loads was developed in this dissertation. Several
optimization and smart operational schemes were proposed and verified in both
simulation and hardware experiments. However, there are still many other ideas and
technical aspects that need to be further researched to enhance the energy harvesting from
renewable energy sources, limit the PEVs’ charging impact to the utility grid, and
improve the overall hybrid power system’s reliability, stability, efficiency, and
robustness.
To limit the PEVs’ charging impact to the utility grid, a smart charging algorithm
based on fuzzy logic is proposed in this dissertation. The central aggregator collects all
the information in the hybrid power system and assigns charging rates for PEVs in
different priority levels to smartly charge those PEVs. However, there is no
communication between PEVs. Also, the PEVs can’t negotiate with the central
aggregator about the charging price. Therefore, some other intelligent control algorithm
such as game theory needs to be applied to control the PEV network charging behaviors.
The design and operation of power electronic converters linking different
components in the hybrid AC-DC power system were presented. The energy flows were
controlled to keep the whole system stable by transferring power between the AC and DC
subsystems and smart charging/discharging of the battery banks. However, the control of
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those bidirectional power electronic converters can be modified to perform more
functions including system unbalancing compensation, harmonic filtering, self-healing,
and system protection. Also, utilization of intelligent controllers instead of the
conventional proportional integrative controllers may provide more flexibility to the
power electronics devices. Novel power electronics device topologies need to be studied
to limit the ripple-current and reduce the loss.
The developed PEV car park emulator hybrid AC-DC power system is operated in
a distributed environment where communication plays an important role. A Zigbee
wireless network was used in this dissertation as the communication protocol. However,
since it is limited by the operational range, the Zigbee wireless transmitter can’t be
applied to control the charging of large PEV networks. Therefore, more investigations
into the best communication architecture and its implementation are essential for
coordination control of future large scale hybrid AC-DC power systems with huge
numbers of PEVs. The future work on this topic should also discuss the communication
type and protocols, the types of transferred messages, the needed storage databases, and
the required devices.
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